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ABSTRACT 
Climate change, population growth, and water resources crossing political 
boundaries are the main issues threating water allocation for agricultural, industrial and 
domestic uses in developing countries. Integrated water resources management 
developed in a sustainable manner is essential to allow future generations to meet their 
water needs. A lack of data in developing countries is the biggest problem that can hinder 
developing necessary understandings. The Tigris river basin is a prime example, not 
only because it is located in a developing country, but also due to its long history of 
armed conflicts and breakdown of law and care. Unstable situation makes data collection 
difficult, available data poor in quality and the measuring tools and methods rudimental. 
The insufficient data lead to the impact of the climate change on water resources to be 
not conclusively detrained. 
This study shows the climate change impacts through investigate the evapotranspiration 
(ET) changes over the years. Five potential evapotranspiration models have been 
studied and classified according to the complexity in terms of the number of variables. 
Choosing the most suitable ET model helped to fill and reconstruct gaps in historical data 
sets. The statistical downscaling model SDSM was used to predict the 
evapotranspiration changes for the next 100 years. 
Google Earth and 3DRoutBuilder helped to produce an entire river profile with a simple, 
good quality representation of river networks. That aid the run of the hydrodynamic model 
(ISIS -1D) which has been utilised to produce water levels and water flow information to 
establish a robust river losses and water balance assessment for a river. 
Planning of alternative water resources schemes on river basins located in Arid-Semi 
Arid region needs an assessment of the hydrologic/hydraulic behaviours of that river. In 
view of this, the thesis further explores the sustainability of water quantities of rivers 
based on generated climate scenarios and population increases. 
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 Chapter One: General Introduction 
1 
 Introduction 
Water scarcity has become a major problem, particularly in arid regions such as 
Africa and Australia as well as parts of Asia. A growing population brings the need for 
additional food and industrial production and, thus, additional water (Sağlam, 2010). 
Climate change is likely to cause an increase in the frequency and severity of droughts, 
floods, heat-waves and storms world-wide (Figure 1.1). The water run-off from 
agricultural fertilisers containing nitrogen has already created more than 200 large "dead 
zones" in seas and near to river-mouths, where fish cannot live any longer (Dimov, B, 
2013). Relatively cheap technology to pump water from underground resources and 
rivers with few control restrictions have led to over-use of scarce resources. Poor water 
resources management has resulted in a high risk of wasting the water needed for 
irrigation or industrial purposes. Better understanding and development, along with more 
widespread adoption, of sustainable water management strategies (WMS) and computer 
modelling tools to assess these losses, can help to inform better decision making. 
 
Figure 1-1: Freshwater Stress: Annual Renewable Supplies per Capita per River Basin. According to 
Population Action International, based upon the UN Medium Population Projections of 1998, more than 2.8 
billion people in 48 countries will face water stress or scarcity conditions by 2025. This graph illustrates 
projected water stress and water scarcity for World nations in 2025. 
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"There is a water crisis today. But the crisis is not about having too little water to 
satisfy our needs. It is a crisis of managing water so badly that billions of people - and 
the environment - suffer badly.” (World Water Council, 2000) 
 
Water losses from rivers located in developing countries have not received much 
attention in global discussions of the sustainable use of natural resources. It has been 
examined even less in the context of population growth. Establishing an accurate 
estimation of river water losses due to climate change is urgently needed. However, 
carrying out such task is very complicated due to many reasons, the most important of 
which is the stage of development of the country in which the water budget study is to 
be done, and how much historical data are available. Data required including 
meteorological data, irrigation water use, crop size, and humidity conditions that 
dominate typical water use practices, in addition, the quality of data is also important. 
1.1 Water Resources in Iraq 
Iraq, a middle eastern – south west Asian country with a total area of 438,320km², 
is bordered by Turkey to the north, the Islamic Republic of Iran to the east, the Persian 
Gulf to the southeast, Saudi Arabia and Kuwait to the south, and Jordan and the Syrian 
Arab Republic to the west, (Figure 1.2) 
 
Figure 1-2: A map of Iraq. The location of Iraq and all of its boarded countries are shown. Source: GICJ & 
Iraq 
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Iraq is fed by two major rivers, the Tigris and the Euphrates. Both of them originate 
outside of Iraq. The Tigris and the Euphrates account for 98% of Iraq`s surface water 
supply. Their flow is very vulnerable to dams and water diversions in Turkey, Syria and 
Iran. The Tigris and Euphrates rivers together form the Tigris-Euphrates (TE) Basin. It is 
known as the second largest basin in the Middle East after the River Nile. Figure 1.3 
shows a map of the TE river basin. Turkey, the upstream country in the basin, has 
embarked on comprehensive development of its part of the TE basin. 
 
Figure 1-3: The Euphrates-Tigris river basin. 
The Tigris-Euphrates Basin has been dramatically affected by several anthropogenic 
activities, mainly dam construction and desiccation as well as the significant increase in 
population. These changes have created new concerns about water needs for food 
production. These actions also influence the entire ecosystem of the area. The drying of 
Iraqi Marshes has had a significant influence on water availability and a potential effect 
upon the local climate. Fed by the great Tigris and Euphrates rivers, the marshes (the 
Mesopotamian Marshes or Iraqi Marshes) were once the largest and richest in wildlife in 
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the Middle East, and – at some 7,700 square miles – the third most extensive in the 
world. 
“They are thought to be the site of the Garden of Eden, but Saddam Hussein 
turned them into hell on earth.” G. Lean 2013 
In the early 1990s, the order was to drain the southern Iraq's great marshes. It was one 
of the biggest environmental disasters of the twentieth century, and with it, an ancient 
way of life - dating back thousands of years - was almost wiped out. Some national and 
international reports (e.g. Future Directions International and AQUASTAT) concluded 
that the annual water discharge of the Tigris and the Euphrates Rivers has been 
significantly reduced for the last 50 years. Figure 1.4 shows the annual water discharge 
of the two rivers into the Mesopotamian marshlands from 1940 to 2007. The red line 
(flow trend) shows the gradual reduction of the two rivers’ water discharge during the 
recorded period. Generally, the figure indicates two periods of water discharge reduction. 
The first period was during the 1970’s, in which many dams were constructed at the two 
rivers’ upstream sections in Turkey. The second period is the late of 1990s when the 
Iraqi government started to drain the marshlands in the southern region. 
 
Figure 1-4: Annual water discharge of the Tigris and the Euphrates Rivers. Water discharges from 1940 to 
2002 were measured at the closest input into the Mesopotamian marshlands. (AlMaarofi, 2012) 
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The period leading up to the 1990s, the Mesopotamian marshlands lost more than 30% 
of their annual water discharge. The situation of water shortage becomes more 
complicated over time. Unfortunately, the current annual water discharges of the two 
rivers are still decreasing, and their average discharge from early inundation in 2003 to 
2007 was about 13.8 × 109 m3 (AlMaarofi et al., 2012). This indicates that the 
Mesopotamian marshlands have lost more than 80% of their historical water input. This 
situation is dramatically affecting the current hydrological conditions of the re-flooded 
marshes. This also indicates that the existing quantity of water in the two rivers is not 
enough to recover the historical Mesopotamian’s size. 
A number of UN agencies including UNICEF, UNESCO, etc., in cooperation with the 
Iraqi Ministry of Water Resources, announced that the Tigris and Euphrates rivers could 
be completely dried up soon because of the compounded effect of climate change, 
reduced upstream supply, and increase in domestic and industrial use. That 
announcement was made on International World Water Day, 22/03/2011. Further 
investigations were subsequently made to get the truth of this issue, but the basis of this 
announcement was not discovered. Nevertheless, the announcement is the main 
motivation to carry out this study. 
1.2 Tigris River 
The Tigris is one of the largest rivers of the Middle East, with a length of 1,850km. 
It initially flows through Turkey for 432km, forms the eastern border of Syria for a stretch 
of only 44km before flowing downstream in Iraq for 1,418km. Its source is in south-
western Turkey by Lake Hazar and is joined by the rivers Khabour, Big (Greater or 
Upper) Zab, little (Lesser or Lower) Zab, Adhaim, Diyala, and Karun as well as several 
other lesser or seasonal rivers with a total catchment area of 221,000 km2 (see 
Figure 1.3). Along its course, the Tigris passes through some of the major cities of Iraq 
including Mosul, Tikrit, Samarra, and the capital Baghdad. At Qurna, the Tigris joins with 
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the Euphrates and for the remaining 170 km to the outlet at the Persian Gulf, it is known 
as Shatt al-Arab. 
 
Topographically, the Tigris basin plain is surrounded by mountains in the north and the 
east, which can reach altitudes of 3550m above sea level, and by desert areas in the 
south and west, which account for over 40 percent of the land area. The basin climate of 
is mainly of the continental, subtropical semi-arid type, with the north and north-eastern 
mountainous regions having a Mediterranean climate. Rainfall is very seasonal and 
occurs in the winter from December to February, except in the north and northeast of the 
country, where the rainy season is from November to April. 
 
Iraq has embarked on developing many hydraulic schemes and projects including dams 
of different sizes and types, weirs, and reservoirs for energy generation and irrigation 
purposes. Currently, Iraq has constructed 8 dams on the river with different uses and 
capacities (see Figure 1.3 and Table 1.1). The resulting reservoirs are used for 
hydropower production and to provide water irrigation, flood control, and flow regulation. 
Iraq has also constructed a canal linking the Tigris and Euphrates rivers through the 
Thartar reservoir for flood control and flow regulation. Iran is located to the east of Iraq, 
and only a small part of the Tigris watershed lies within its boundaries. However, the 
Iraq-Iran border region contains a mountainous area where the headwaters of certain 
Tigris tributaries provide more than half the annual flow of the Tigris River. Because 
Saudi Arabia occupies a portion of the watershed that consists of desert with intermittent 
streams, no significant water resource projects have been carried out in this country’s 
proportion of the watershed. 
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Table 1.1: A list of dams located on Tigris River, their capacity and purposes.  
Major 
Reservoir 
Use 
Year 
Built 
Gross 
Storage 
m3 *109 
Surface 
Area 
(km2) 
HP 
(MW) 
Height 
(m) 
Elevation 
(m) 
Irrigated 
Area 
(km2) 
Mosul HP/I 1985 13.15 371 320 100 250 1,677 
Bekme HP/I UC 8.3 56 1,500 230 400 8,700 
Dokan HP/I 1961 6.82 270 400 116 420 1,500 
Dibbis I 1965 3 32 — 15 306 1,500 
Therthar FC/I 1954 72.8 2,170 — 65 0 7559 
Adheem HP/I 1999 1.35 250 — 60 115 455 
Derbendikhan HP/I 1962 3 121 249 135 400 669 
Hamrin I 1980 3.95 440 — 40 74 1,944 
Note: HP = hydropower; I = irrigation; FC = flood control; UC = under construction. 
1.3 Tigris Catchment Management 
Freshwater resources are becoming scarce in the Tigris River catchment and 
tensions among different users are rising, both at national and international levels. 
Political borders and boundaries rarely coincide with borders of watersheds, ensuring 
that politics inevitably intrude on water policy. Over 260 river basins and nearly 270 
groundwater aquifers are shared by two or more nations (Wolf et al., 1999, UNESCO, 
2009). Just as oil and gas create disputes between states, water has long played a role 
in international politics and conflicts. Inequalities in the distribution, allocation, and use 
of water have been a source of tension and dispute. In addition, water resources have 
long been used to achieve military and political goals, including the use of water systems 
and infrastructure, such as dams and supply canals, as military targets (Gleick, 1993). 
Changes within a basin can lead to transboundary tensions in the absence of strong 
institutions and agreements. When major projects proceed without regional 
collaboration, they can become a point of conflict, heightening regional instability. Parana 
La Plata, Aral Sea, Jordan and the Danube may serve as examples. Due to the pressure 
on the Aral Sea, half of its superficies has disappeared, representing two thirds of its 
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volume. 36,000 km2 of marine grounds are now covered by salt. Most of the areas where 
water will soon be scarcest are in poor countries, which have little resilience to cope. 
Many are also in areas where there is already political instability, tension, or outright 
conflict, and the competition for water resources will heighten these problems. 
Water use in Iraq for irrigation and hydropower production is constantly increasing, with 
numerous operational and planned projects along the river’s main course and its 
tributaries placing pressure on flow regimes in the basin. Periodic droughts affect water 
supply and may impact water allocation to different sectors in the future. There is no 
basin-wide agreement and no common approach or consensus on how to manage the 
Euphrates and Tigris Rivers, i.e. whether the two rivers should be considered part of a 
single watercourse system or as separate basins. While the development of new 
infrastructure along the rivers has in general not sparked disputes among basin 
countries, the Ilisu Dam Project in Turkey remains controversial. Iran’s damming of the 
Wand River has also caused tensions between Iran and Iraq (BGR, 2013). Table 1.2 
summarises the main agreements between the transboundary counties in Tigris basin in 
terms of organisation and control of the usage of the river. 
Table 1.2: The main agreements between the Tigris River Transboundary Countries 
Transboundry 
Countries 
Year Agreement’s Summary 
Iraq – Turkey 1946 
The Treaty of Friendship and Good Neighbourly Relations is the first 
legal instrument of cooperation on water between the two riparian 
countries. Among others, it addresses flow regulation on the Tigris 
and Euphrates and their tributaries and the monitoring of flow data. 
The parties also commit to the principle of prior notification with 
regards to water infrastructure projects. 
Iran – Iraq 1975 
Agreement on the use of shared watercourses in which the signatory 
parties agree on the division of a number of shared Tigris tributaries. 
Iraq – Syria 2002 
Agreement on the establishment of a pumping station on the Tigris 
River in Syria, specifying project area and volume of water extracted. 
Syria – Turkey 2009 
The Turkish-Syrian Strategic Cooperation Council Agreement covers 
water issues and can be regarded as the Turkish approval of Syria’s 
pumping project on the Tigris River. 
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It should be noted that none of these agreements are officially recognised: when the 
related meetings took place, not all the involved counties attended, and they did not 
happen under international observation. 
Iraq is close to being divided into very small countries based on a very complicated 
splitting regime. This dividing regime could be very unique and based on a combination 
of religious denominational and ethnic considerations at the same time. This could have 
important implications for the water sharing system situation more difficult, as each of 
these potential regions will claim their own right for the water (see Figure 1.5). 
 
Figure 1-5: A potential scenario for Iraq Water system after splitting into smaller countries. 
1.4 River Losses Assessment in Developing Countries 
It has been shown that effective water resources assessment and management 
can be implemented through a decision making plan (Palmer et al., 2004). This plan 
should be based on reliable data and sufficient information of the status and trends of 
water sources including quantity, quality and statistical details of droughts or floods 
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events (WMO, 2009). To provide a comprehensive and accurate river losses assessment 
for rivers located in developing countries such as the Tigris, getting robust data needs to 
be considered carefully. In any scientific research based on gathering and analysing 
data, data sets can be intermediate results as well. In the UK for example, sometimes 
data sets for research purposes are published or easily accessible, but this is not the 
case in Iraq, which has a long history of armed conflicts, ignorance and lack of 
awareness, as well as poverty. Wind speed, wind direction, rainfall, temperature, river 
flow, etc. are essential parameters for water strategy applications, studies and 
development as well as for evaluating the quantity of water losses due to direct removal 
from the water surface (evaporation) and the quantities which are removed from the soil 
in Arid and Semi-Arid catchments (transpiration). Calculating the total amount of 
evapotranspiration is a complicated process. This process requires the use of complex 
models involving a large range of variables, as well as a wide range of observations for 
performance assessments. These kinds of data are subject to numerous types of errors, 
the most common of which are missing observations, unreasonable readings and 
spurious zeroes (Kotsiantis et al., 2006). 
For the Tigris, missing data are expected. The author’s investigations and efforts proved 
that there are gauging stations in the study area but these have poor facilities and 
primitive measuring tools (the issues are explained in detail in chapter 2). To fulfil the 
aims of this research, different types of numerical models are used. These models 
typically require a complete time series of meteorological inputs, thus reconstructing 
missing data is a key issue in the functionality of such physical models. The 
reconstruction of missing weather data is different from weather forecasting because 
both data collected before the gap and data collected after the gap can be used. Still, 
the dependencies between the missing and available weather variables are expected to 
be complex, and advanced data analysis tools are needed to find and to express these 
dependencies with sufficient accuracy (Kotsiantis et al., 2006). 
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1.5 Research Aims and Objectives 
The aim of this research is to give a better understanding of the impact of climate 
change on arid and semi-arid basins located in a developing country.  
Evapotranspiration (ET) is considered to represent the climate change impacts on these 
areas. The potential usage of Google Earth as a source of geometrical to obtain river 
profiles for rivers located in area with severe lack of data, was investigated in this study 
to aid research in developing countries.  
Tigris River was selected to be the case study of this project. Although it is referred to as 
one of the largest rivers in the world, it has been historically undervalued and under-
represented in terms of research. It has not been studied much in terms of water quantity, 
quality and climate change impact. 
In order to meet the main aim of this research, the project process is divided into three 
main stages: 
 Evaluate the water resources including precipitation, and quantify the total amount of 
water flows along the Tigris; 
 Quantify the amount of water lost due to evapotranspiration accurately; and 
 Develop an integrated water balance and water losses assessment study based on 
historical records, which can give a vision of the water sustainability in the future. 
In the following, a summary of questions raised during the literature review (Chapter 2, 
2.7) are listed as well as the objectives which were carried out to answer those question 
and consequently achieve the main aim of the research: 
1. Which one of the well-known ET models best represents the evapotranspiration rates 
for rivers located in arid and semi-arid catchments with severe lack of data? 
(Addressed in chapter 2 & 5). 
2. Is it possible to study the past, present and future ET trends for rivers located in arid 
and semi-arid catchments with severe lack of data? (Addressed in chapter 2 & 5). 
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3. Do the available weather simulation and forecast models such as SDSM have the 
ability to predict future ET trends for rivers located in arid and semi-arid catchments 
with severe lack of data? (Addressed in chapter 2 & 5). 
4. Is Google Earth capable of generating accurate river cross sections in areas with 
severe lack of data? (Addressed in chapter 2 & 6). 
5. Is ISIS-1D able to provide accurate river losses estimation for long rivers? 
(Addressed in chapter 6) 
6. Are any of the available water balance models capable of adequately highlighting 
water losses for rivers located in arid and semi-arid catchments with severe lack of 
data? (Addressed in chapter 2 & 7) 
The research objectives addressing these questions are as follows: 
1. Implement a comprehensive literature review that shows the state of the art of 
techniques and technologies in river ET losses assessment and water balance 
studies. Through this review, all parameters, tools and models required to carry out 
water balance studies will be identified (Addressed in Chapter 2). 
2. Data-sets (often in combination with models and parameters) are themselves 
becoming more important and can sometimes be seen as the primary intellectual 
output of a research study. Collect, retrieve and reconstruct existing data sets as 
much as possible in an effort to create a water balance data set for rivers located in 
developing countries which is as complete as possible, and make it more widely 
accessible (Addressed in Chapter 3). 
3. Examine and analyse the accuracy of different interpolation techniques and data 
reconstruction methods for missing historical records for all of the relevant data 
(Addressed in Chapters 4 & 5). 
4. Examine several evapotranspiration models to find the most suitable one to simulate 
river ET water losses (Addressed in Chapter 5). 
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5. Investigate the potential of using statistical downscaling models in terms of filling the 
gaps of the obtained data in semi-arid and arid catchments (Addressed in Chapter 
5). 
6. Implement a comprehensive water balance trend analysis based on observed data 
to study the current situation of the Tigris River in terms of available discharge 
(Addressed in Chapter 6). 
7. Investigate how hydrodynamic models can simulate and highlight large-scale water 
quantity flow processes in open channels and determine the impact of 
evapotranspiration on river discharge (Addressed in Chapters 6 & 7). 
8. Provide a better understanding of the future of the Tigris River in terms of how the 
water quantities in the river are affected by climate change and other factors 
(Addressed in Chapter 7). 
 
Combining the main aim of this research with these stages will help in proposing new 
approaches and frameworks for evaluating possible implications for resources 
management, policy making, and other engineering applications not only for the Tigris, 
but for other rivers sharing similar conditions. 
1.6 Thesis Outline 
Chapter 1: Introduction gives a brief overview of the current global water 
situation globally as well as in Iraq, the status of the Tigris River, general information 
about evapotranspiration and a quick glance at the importance of robust data sets. The 
main aim and objectives of the research are also outlined. 
Chapter 2: Literature Review will discuss the recent studies that have been conducted 
regarding river losses in addition to a thorough investigation and analysis of some of 
well-known ET models and their applications. Downscaling techniques are also 
mentioned in this chapter plus some hydrodynamic river models. 
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Chapter 3: Data describes the available observed river flow and metrological data and 
their sources, as well as reanalysed data which are prerequisite for reconstruction 
purposes. This chapter shows some trend analyses for the main variables as well as 
comparisons between the observed and reanalysed data. 
Chapter 4: Methodology will discuss the theoretical framework adopted throughout this 
research. 
Chapter 5: Tigris River Basin & Evapo[transpi]ration presents analysis of 
approximately 40 years of observed data to reveal pertinent ET trends. This chapter also 
will present comparisons between different ET models. The setup, preliminary testing 
and calibration of the SDSM, as well as final results obtained from the model, are also 
presented. This model constitutes a decision support tool for assessing local climate 
change impacts using the statistical downscaling technique.  
Chapter 6 includes, thorough explanation of the importance of incorporating 
hydrodynamic models in such a study, justification of employing ISIS-1D as a suitable 
model for the study. ISIS 1D setup is explained, including a suggestion to use a new 
methodology in river profile generation. Preliminary testing, calibration and final river 
losses predictions are also reported. 
Chapter 7: describes the integrated water balance study developed for the Tigris river 
with the selected regains over the period of investigation (from 1970 – 2000). 
Chapter 8: Conclusion summarises the main findings of this research project including 
opportunities, challenges, research limitations and recommendations for future research. 
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Chapter Two: Literature Review 
Large rivers crossing arid and semi-arid regions are vital life support elements for 
the survival of people who normally live alongside them. They help to provide regular 
water supply and fertile soils, to recharge underground aquifers and to lessen the impact 
of seasonal floods. 
This chapter reviews studies that take into account understanding the impact of climate 
change on water resources alongside its well-known potential scenarios. Methods and 
tools for generating and re-constructing meteorological data are also presented, in 
addition to sources of model uncertainty, water balance elements trends at different 
levels and river water budget approaches. 
Evapotranspiration impacts and evaluation methods are also reviewed because their 
components have a great influence on the water quantities in arid and semi-arid 
catchments. In addition to that, fundamentals and concepts pertaining to hydrodynamic 
models are considered. Developing the necessary understanding of these tools’ 
mechanisms can be a great asset in the prediction of the required hydrological variables 
and the identification of the water losses distribution. This chapter also investigates the 
suitability of certain data sources to provide information for the generation of river 
profiles, alongside other details, to help develop a better understanding of rivers that are 
either ungauged or have a severe lack of data. 
2.1 Water Balance for Rivers 
This section reviews previously developed water balance studies for major rivers 
around the world. This will highlight information, recent findings, investigations and 
scientific results which may be beneficial in developing a consistent Tigris River balance 
study with stable long-term prospects. The development of a rigorous program of data 
quality assurance, management, archiving and unbiased surface water information that 
is readily accessible to all, is also discussed. 
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2.1.1 Water Balance Concept 
A water balance can be simply a tool that quantifies the inputs and outputs of a hydraulic 
system. Any difference between inputs and outputs represents a change in the total 
water mass – or storage – of the system. A typical water balance study for a specific 
watershed might account for net precipitation inputs (P) and outputs by stream flows (Q) 
and evapotranspiration (ET). When P > [Q + ET] water has been stored in the system as 
either soil moisture or a head increase within the saturated zone. Over longer durations, 
changes in storage go to zero and all P can be accounted for by flow, ET and in some 
cases, groundwater flow out of the basin. 
Water balance assessment is a prerequisite to understand the key processes of the 
hydrologic cycle in a certain region. The challenge is more acute in developing countries, 
where climate and runoff data is often scarce, as in the case of the Tigris River, for 
example. In such cases, a water balance study can provide insights into the hydrological 
behaviour of a catchment and can identify changes in main hydrological processes. In 
order to understand water balances, complex hydrologic systems have always been 
simplified. Thornthwaite et al. (1957) conceptualised a catchment water balance model 
for long term monthly climatic conditions, which then led to many studies on water 
balance models for similar conditions at catchment, region or continent scale. 
To provide better understanding of the impacts of climate change on water availability, 
trends pertaining to one or more of the water balance’s elements have to be estimated 
because the different hydrological processes are related to each other and are governed 
by conservation of mass. Therefore, any trend displayed by one hydrological process is 
likely to be related to those displayed by other processes. Precipitation, evaporation, 
change in storage and runoff are the most fundamental processes in the water balance. 
All of these elements are linked together by conservation of mass (Reggiani et al., 2000). 
 𝑑𝑠
𝑑𝑡
= 𝑃 ± 𝐸 ± 𝑅 (2-1) 
where, 
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𝑑𝑠
𝑑𝑡
 is change of storage, 
P is the precipitation, 
E is the is evaporation (-) or condensation (+) 
R is runoff to (+) or away from (-) a control volume which includes both surface and 
subsurface components. 
Quantifying these elements’ time variant characteristics in response to climate change 
is foremost in current hydrological studies. 
 
Studying river water balance is valuable because it provides an estimate of changes in 
water mass in the subsurface without direct measurements of soil moisture or changes 
in head which can be highly spatially and temporally heterogeneous, making accurate 
field sampling nearly impossible at large scales (Lundmark et al., 2006). 
2.1.2 Water Balance Approaches 
There are several ways in which one may approach a water balance study. 
Essentially these are different ways to derive gridded discharge information. They 
include averaging the runoff from all stations within each grid cell, statistically 
interpolating runoff between gauges, using an empirical relationship that relates runoff 
to precipitation, potential evaporation, and temperature, using a soil-water balance type 
model, and overlaying grid cells onto catchment runoff maps to derive area-weighted 
runoff estimates. Given adequate data, the atmospheric water balance is a promising 
method for estimating regional evaporation, runoff, and changes in basin storage. 
However, significant uncertainties in runoff estimation using atmospheric data exist even 
at the continental scale (Reed et al, 1998), as poorly defined continental or basin 
boundaries may contribute to inaccuracies in runoff estimation. The commonly used 
surface water balance relies on the fact that, with the exception of coastal areas, the 
landscape can often be divided into watershed units from which there is only one surface 
water outflow point (Bahati, 2008). 
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Simulating streamflow for large river basins accurately is an important issue with regards 
to the prediction of the timing and magnitude of floods and droughts. Moreover, it helps 
to assess the hydrological impacts of climate change. Many studies have been 
implemented with the aim of quantify the impact of climate change on extreme value 
distributions of river streamflow. 
Certain studies have the advantage of having access to a sufficient number of 
meteorological variables at a high enough spatial and temporal resolution to power more 
sophisticated models; often conceptual water balance models have been used to 
simulate future streamflow. Examples of water balance models for the Rhine include 
Rhineflow (Van Deursen et al., 1993) and STREAM (Spatial Tools for River basins and 
Environment and Analysis of Management options (Aerts et al., 1999). These statistical 
water balance models were developed with the aim of highlighting water quantity 
changes in large rivers. RhineFlow is the most popular water budget model, developed 
by Van Deursen et al. (1993) to assess the water balance situation for the Rhine River. 
This model is based on an approach devised by Thornthwaite and Mather [1957], which 
relies on daily temperature measurements. The streamflow is obtained from this model 
by adding the net water production from a particular catchment. Assuming that all water 
available for runoff leaves the catchment within one time step, the model produces 
month-to-month runoff for the water system including main tributaries. To get accurate 
simulated streamflow, it is essential to have a realistic description of all relevant land 
surface processes, including the partitioning of available energy. Errors in estimates of 
evaporation might propagate into similar errors in other terms of the energy and water 
balance and ultimately affect streamflow prediction. 
Land surface models (LSMs) derive evapotranspiration from coupled water and energy 
balance simulations [Liang et al., 1994; Famiglietti and Wood, 1994], and are able to 
utilise additional information provided by regional climate model (RCM) output, such as 
solar radiation, wind speed, specific humidity and atmospheric pressure. Therefore, 
LSMs carry the potential to more accurately estimate hydrological partitioning 
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(evaporation, soil moisture, surface runoff and streamflow). Because of the complex 
model structure and the large number of parameters in LSMs, they are generally more 
difficult to parameterise. LSM intercomparison experiments have demonstrated large 
variability in simulated land surface-atmosphere fluxes and streamflow using different 
LSMs [e.g., Pitman et al., 1999; Wood et al., 1998; Lohmann et al., 2004b]. The original 
purpose of LSMs was to represent the land surface in (regional) climate simulations used 
for climate models and numerical weather prediction [e.g., Liang et al., 1994; Koster et 
al., 2000; Zeng et al., 2002; Dai et al., 2003]. Recently, LSMs have also been used for 
(experimental) streamflow forecasting [e.g., Wood et al., 2005]. However, many studies 
assessing climate change impacts use water balance models, as well as short-term flood 
forecasting systems (e.g., in the Netherlands [Sprokkereef, 2001a]). 
2.1.3 Water Balance Studies 
Hydrological water balance models can be based on the interactions between the water, 
atmosphere, and land surface; which is a combination of the atmospheric water balance, 
surface water balance and the soil water balance. This section discusses typical 
examples that illustrate the usage of these models. 
 
Cohen et al. (2001) undertook a water balance study for the Colorado River, aiming for 
more robust assessment of the sources and magnitudes of the river’s discharge than 
what had previously been published. The main motivation behind the study arose from 
the fact that the delta, which is formed by the deposition of sediment from periodic 
Colorado River floods, has been altered by the construction of upstream impoundments 
and the conversion of wetlands to irrigated agriculture. In turn that has led to a reduction 
in the delta’s extent from some 7,770 km2 to only about 600 km2. The study relied on 
published records, including discharge and precipitation supplemented by other 
unpublished agricultural drainage records obtained from authorities. Evaporation and 
evapotranspiration (ET) were calculated using published reports of vegetation type, 
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extent and density, ET coefficients and pan evaporation rates. Their values were 
incorporated into the system as the main water loss sources. 
The study used a mass balance to characterise discharge through the study area. The 
mass balance equation (Owen-Joyce et al., 1996) can be described as: 
 𝑄𝑑𝑠 =  𝑄𝑢𝑠 + 𝑄𝑟𝑓 + 𝑃 + 𝑇𝑟 − 𝐸 − 𝐸𝑇 −  ∆𝑆𝑎 − 𝑄𝑠𝑏 (2-2) 
where, 
𝑄𝑑𝑠 = flow at downstream boundary, 
𝑄𝑢𝑠 = flow at upstream boundary, 
𝑄𝑟𝑓 = return flow to the river (from outside the region), 
P = rainfall 
𝑇𝑟 = tributary inflow (local runoff), 
E = Evaporation, 
ET = evapotranspiration, 
∆𝑆𝑎 = changes in aquifer storage, 
𝑄𝑠𝑏 = flow to sub-basin. 
Groundwater as a distinct source was not assessed as part of this study. Presumably, it 
was applied as irrigation and delivered for municipal use, contributing to the water 
balance in the form of agricultural drainage and municipal effluent, because actual 
records of groundwater extraction and recharge for the study area were not available. 
This study produced historical discharge records for several locations along the river, 
which is located on the boundary between the United States of America and Mexico. The 
estimated discharge for this study at the downstream boundary of the main-stem 
suggests that recorded discharge in the studied region may not be a reliable indicator of 
total discharge through the system. This study was limited to the calendar year period 
1992 – 1998 because of data constraints. 
 
In Central Europe, recent floods in the Rhine (1993 and 1995), Elbe (2002) and Danube 
(2002), as well as droughts (e.g., the summer of 2003) have caused billions of euros of 
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damage. Improving streamflow simulations in these densely populated large river basins 
is important for the accurate prediction of timing and magnitude of floods and droughts. 
Hurkmans et al. (2008) investigated and compared the accuracy of streamflow 
simulations of a water balance approach (Spatial Tools for River basins and Environment 
and Analysis of Management (STREAM)) and a land surface model (Variable Infiltration 
Capacity (VIC)) approach. Both models were applied to the Rhine River Basin using 
regional climate model output as atmospheric forcing, and were evaluated using 
observed streamflow and lysimeter data. 
STREAM is a distributed grid based water-balance model (Aerts et al., 1999) which is in 
turn based on the integrated GIS water balance model for the River Rhine (Rhineflow) 
(Van Deursen et al., 1993). STREAM only needs precipitation and temperature as 
dynamic input variables and its application is relatively simple. Snow, soil moisture and 
groundwater are the main storage reservoirs of the model. It divides outflow into two 
components: the first one is affected by soil moisture and the second one is affected by 
ground water storage. Both behave as linear reservoirs. Potential evapotranspiration is 
derived from surface temperature, using the modified (Thornthwaite et al., 1957) model: 
 
𝑃𝐸 = 16 ∗  [
10 ∗ 𝑇𝑚
𝐻
]
𝐴
 (2-3) 
where,  
PE = Potential Evapotranspiration (mm/month) 
Tm = mean monthly air temperature (°C) 
H = annual heat index = ∑ (
𝑇𝑚𝑖
5
)
1.514
12
𝑖=1
 
A = 0.49+0.01792*H – 0.0000771*H2 +0.000000675*H3, A is the Thornthwaite 
parameter. 
 
Actual evapotranspiration is calculated using the soil moisture storage and the so-called 
‘accumulated potential water losses. It should be noted that in this model, the snow 
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accumulation is equal to precipitation when temperature is below zero degrees Celsius; 
snowmelt linearly depends on temperature. 
The study also identified the Variable Infiltration Capacity (VIC) model which was 
developed by Liang et al. (1994), as a variable-layer soil-vegetation-atmosphere transfer 
(SVAT) scheme for general and regional circulation and weather prediction models. The 
study states that, when snow is present on the ground, the model is coupled with a two 
layer energy- and mass-balance model. 
VIC can operate in two modes: the energy balance mode, in which the energy balance 
is solved iteratively to obtain the surface temperature, and the water balance mode, in 
which surface temperature is assumed equal to air temperature. In both modes, potential 
evapotranspiration is calculated using the Penman-Monteith equation. In the energy 
balance mode a time step of 3 hours is used, in correspondence with availability of 
forcing data, whereas in water balance mode the model is integrated at a daily time step. 
Therefore simulation times are drastically reduced compared to the full mode. 
Routing of surface runoff and base flow from all models is done using the algorithm 
developed by Lohmann et al. (1996), which was subsequently applied in combination 
with VIC. The sum of base flow and runoff from the models is complicated by a 
normalized impulse response function, based on the St. Venant equation, assuming that 
water from each grid cell flows into the channel in the steepest direction to the next cell. 
The study concluded that that VIC was more robust and less dependent on model 
calibration. Although STREAM performs better during the calibration period (Nash-
Sutcliffe efficiency (E) of 0.47 versus E= 0.29 for VIC), VIC more accurately simulates 
discharge during the validation period, including peak flows (E= 0.31 versus E = 0.21 for 
STREAM). This was the case for most locations throughout the basin, except for the 
Alpine part where both models have difficulties due to the complex terrain and surface 
reservoirs. In addition, VIC simulates the annual evaporation cycle more realistically 
using lysimeters. The whole process covered the period between 1993 until 1998. It 
should be noted that water quantities in the river were not discussed in detail. 
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Tekleab (2011) published a study aiming to obtain better understanding of water balance 
dynamics in the upper Blue Nile catchments on annual and monthly time scales and on 
a spatial scale of mesoscale to large scale. This study is a good example of a study in 
which the understanding of the processes at sub-catchment level is generally lacking 
and a considerable gap in multi-objective calibration for optimal parameter sets towards 
different objective functions exists. 
The author’s intention was to use a water balance approach based on Budyko’s 
hypotheses (Budyko, 1974) and incorporate the following information: 
1. Monthly stream flow time series observations of 20 rivers covering the period 
1995–2004 that have been collected from the Ministry of Water Resources 
Ethiopia, 
2. Monthly meteorological data, including precipitation, for the same period, 
obtained from the Ethiopian National Meteorological Agency (ENMA). 
3. Potential evaporation data, computed using Hargreaves method with minimum 
and maximum average monthly temperature as input data (Hargreaves and 
Samani, 1982). 
4. The catchment boundary and the drainage pattern delineated using ArcGIS 9.3 
with a 90 m resolution digital elevation model of the NASA Shuttle Radar 
Topographic Mission (SRTM) obtained from the Consortium for Spatial 
Information. 
The Budyko (1974 equation can be written as follows: 
 𝐸
𝑃
=  [∅ tanh (
1
∅
) (1 − 𝑒𝑥𝑝−∅)]
0.5
 (2-4) 
∅: Aridity index = Ep/P 
However the water balance analysis using a Budyko-type curve at annual scale reveals 
that the aridity index does not exert a first order control in most of the catchments. This 
implies a need to increase model complexity to monthly time scale to include the effects 
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of seasonal soil moisture dynamics. Thus, the model of Zhang et al. (2004) was used 
instead: 
 
𝐸
𝑃
=  1 +
𝐸˳
𝑃
−  [1 + (
𝐸˳
𝑃
)
𝑤
]
1
𝑤
 (2-5) 
w: Plant (available) Water coefficient  
The dynamic water balance model used in this study predicted the direct runoff and other 
processes. The model was based on the limit concept; i.e. for dry environments, since 
the amount of rainfall is small, the aridity index approaches infinity or equivalently 
evaporation approaches rainfall. For wet environments, where the amount of rainfall is 
large, the aridity index approaches zero and the actual evaporation approaches the 
potential evaporation. However, the study suggested that on an annual time scale the 
reasons for poor model efficiencies in the majority of the catchments, which followed 
distinct Budyko-type curves, needs further research. It is recommended that future work 
should focus on the regionalisation of the optimal parameter sets from the monthly model 
presented in this research for prediction of streamflow in ungauged catchments in the 
Upper Blue Nile basin. 
 
A study by Syed et al. (2014) has been published recently, aimed at providing a proper 
evapotranspiration variability assessment using water balance computation in the Ganga 
River Basin (GRB) in India for the period from 1980 until 2007. The main motivation for 
conducting the study was a study undertaken by Webster et al. (2011), which stated that 
the quantities of fresh water provided by the river will be reduced to about 50% of their 
current values. 
The monthly Global Precipitation Climatology Project (GPCP) precipitation data available 
from 1979 to the present, on 2.5° × 2.5° latitude-longitude grids, were used in this study. 
Discharge data used in this study are derived from water levels measured at the gauging 
station on the river Ganga. The station is located in Bangladesh and is very close to the 
India-Bangladesh border. Upstream data from India are not available. Long-term 
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estimates of terrestrial water storage are derived from simulations using the Land 
Dynamics Model (LaD). The LaD model was developed by Milly et al. (2002) and 
provides monthly gridded time series of water and energy fluxes over the globe. ET 
estimates were obtained from LaD, General Circulation Model (GCM), and National 
Centre for Environmental Protection (NCEP) /Department of Energy (DOE) reanalysis 
(NCEPR2), a satellite-based data set using Moderate Resolution Imaging 
Spectroradiometer (MODIS), and Penman-Monteith model. 
The terrestrial water budget used in this study is formalised as: 
 
𝐸𝑇 = 𝑃 − 𝑅 − 
𝜕𝑆
𝜕𝑡
 (2-6) 
where ET is evapotranspiration, ∂S/∂t is the change in terrestrial water storage averaged 
over space, P is precipitation, and R is river basin discharge. 
Analysis of predicted trend of the ET for the GRB showed an overall decline at the rate 
of 11 mm yr−2. However, it should be noted that, prior to trend estimation, high frequency 
seasonal variations were removed from the ET average time series using a 12 month 
moving average filter; the authors claimed that this was done in order to emphasise the 
inter-annual variations. Based on the correlation between ET and independent estimates 
of near-surface temperature and soil moisture, the authors concluded that the ET in the 
GRB is primarily limited by moisture availability. 
There is a good opportunity to apply this approach to larger-scale water budget 
assessments and inter-comparison studies. That also emphasises the importance of 
synergistic use of mutli-platform hydrologic information. 
 
The above discussion has demonstrated that developing water balance studies for water 
resources is important, especially in developing countries. Integrated water balance 
studies help to quantify the impacts of climate change by understanding the effects of 
water balance and hydrological elements on the water resource. There are always 
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assumptions made in such studies because of the lack of prerequisite data availability. 
The studies discussed above have generally neglected the change in water storage. 
They presumed that there are no significant inter-watershed transfers via groundwater 
or man-made conveyance structures. In general, they rely on the assumption that the 
average watershed precipitation and runoff can be measured with reasonable accuracy. 
Despite that, all of these studies consider evaporation and evapotranspiration as 
separate hydrological elements that have a significant impact on the water balance; the 
annual evaporative losses from a watershed are estimated by empirical relationships. 
Observation data were generally not used, and evaporation/evapotranspiration empirical 
models are used to estimate mean annual or mean monthly flows in ungauged areas. 
Providing a poor topographical representation of the studied area, or ignoring topography 
altogether, also leads to failures in simulating accurate runoff. 
Avoiding such assumptions as much as possible and increasing the dependency on 
observation data can lead to the development of integrated water balance studies that 
produce reliable estimations. 
2.2 Climate Change Impacts on Water Resources 
The Intergovernmental Panel on Climate Change (IPCC) reports identify the term 
“climate change” as any change that occurs in the climate over time. All new studies and 
research point to greenhouse gas emissions being the main reason for the increase in 
the average temperature of the Earth. In fact, the average global temperature has 
already increased by about 0.6ºC since the late 19th century. In addition, there are 
indications of a further rise of the average temperature by 1.4 to 5.8ºC, and sea level 
rises by a further 9 to 99 cm, by 2100. 
Warming and precipitation changes are expected to vary considerably from region to 
region. Changes in climate average and the changes in frequency and intensity of 
extreme weather events are likely to have major impacts on natural and human systems. 
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Climate change can cause significant impacts on water resources due to resulting 
variations in the hydrological cycle elements. For instance, changes in temperature and 
precipitation can have a direct consequence for evapotranspiration and for the quality 
and quantity of runoff. Consequently, the spatial and temporal availability of water 
resources can be significantly affected, which in turn affects agriculture, industry and 
urban development. Climate change impacts, adaptations and vulnerability of different 
water resources are subjects that have been considered in the literature, covering a wide 
range of different locations with different characteristics and properties (e.g. Piao et al. 
(2010); Bates et al. (2008); Wilby et al. (2006), etc.). Such research shows strong 
evidence of the existence of a linkage between the hydrological cycle and climate 
change, and its impacts on the water resources in terms of quantity and quality. 
Many studies show that there are significant effects of climate change on water quantities 
in major rivers around the world. Scientists had initially tackled the issue by concentrating 
on changes in total annual runoff due to climate changes. Kwadijk et al. (1994), for 
example, considered the Rhine River as their research case study to find the effect of 
climate change on the discharge of the river and concluded that both annual and 
seasonal discharge of this river are more sensitive to changes in precipitation than to 
changes in temperature.  
The Rhine River flow was also investigated by Shabalova et al. (2003), who evaluated 
climate change impacts using data from the Hadley Centre regional climate models 
(HadRM2 and HadRM3) and concluded that the  winter discharge increased while 
summer discharge decreased. The magnitude of the variation was scenario-specific. 
Climate change impacts on water resources have been considered in other parts of 
Europe as well. A significant winter rainfall increase was reported by Pfister et al. (2000), 
who evaluated Luxembourg water resources to understand the impacts of climate 
change. That report stated that the rainfall rates increased due to airflow rate increasing 
from west to east since 1950. Other studies (e.g. Gebremeskel et al., 2004) suggested 
an increase in stream flow for the future due to increased precipitation and lower 
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evapotranspiration. Beckmann et al. (2002) also reported an increase in rainfall in the 
Netherlands and North Germany, and stated that was associated with cyclonic 
disturbances moving from west to east over the area. 
The assessment of climate change impacts on water resource management is 
complicated because of the coarse spatial resolution of the data available. This issue 
makes evaluating hydrological variables such as evapotranspiration very difficult. 
Evapotranspiration is a very sensitive hydrological element to climate change. It has 
been chosen to be the main focus for the study to provide better understanding of the 
magnitudes of climate change impacts on the water resources. 
Semi-aridity is the dominant climatic characteristic of the Middle East, and that makes 
the water resources in that area very sensitive to climate change variations. These areas 
of the world, and the Tigris River Basin in particular, have rarely been considered with 
regard to potential impacts of climate change on its water systems. 
In spite of the fact that studies on the impact of climate change have been carried out on 
a global scale, the type and magnitude of impacts on the catchment scale is less clear 
in most parts of the world. Therefore, it is necessary to study effects of climate change 
at this scale in order that they be taken into account by policy and decision makers when 
planning water resources management. 
2.2.1 Climate Change Scenario Development 
The IPCC report identifies the term ‘climate scenario’ as a possible indication of 
what the future could be like over decades or centuries, given a specific set of 
assumptions. These assumptions include future trends in energy demand, emissions of 
greenhouse gases and land use change as well as assumptions about the behaviour of 
the climate system over long time scales (Myles R. Allen, 2014). The report is based on 
several methods that were used to gain useful information about the possible future 
climate and their impacts using various scenario construction methods, including: 
1. Temporal & Spatial Analogues: 
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This is an approach to develop the required climate scenarios based on historical records 
of the climate behaviour of a certain region. The temporal analogues approach makes 
use of climatic information from the past as an analogue for possible future climate 
(Webb et al., 1985). These types of scenarios are not ordinarily recommended to 
represent the future climate in quantitative impact assessments. The reason is that 
climate analogues most likely occur due to changes in atmospheric circulation rather 
than to greenhouse gas induced climate change. 
2. Synthetic: 
Synthetic scenarios describe a technique whereby particular climate (or related) 
elements are changed by arbitrary amounts. For example, adjustments of baseline 
temperature by +1, +2, +3, or +4ºC and baseline precipitation by 5, 10, 15 or 20% could 
represent the magnitude of future changes (IPCC-TGICA, 2007). Such scenarios do not 
necessarily present a realistic set of changes that are physically plausible. They are 
usually adopted for exploring system sensitivity prior to the application of more credible, 
model-based scenario. 
3. Model-based approaches:  
The most common method of developing climate scenarios for qualitative impact 
assessment is by utilizing General Circulation Models (GCMs). Analysing GCMs 
provides a good opportunity to monitor the climate change performance in the past, 
present and future. Climate scenarios based on GCMs are constructed by adjusting a 
baseline climate, typically based on regional observations of climate over a reference 
period such as 1961-1990, by the absolute or proportional change between the simulated 
present and future climates. GCMs have been used to study the effects of increasing 
concentrations of carbon dioxide and other greenhouse gases on earth’s climate. Two 
kinds of GCMs are distinguished depending on the assumption of how the current climate 
may change in the future. The first kind comprises those based on equilibrium response 
with the assumption that the current and future climates are in equilibrium. The second 
type of GCM comprises those run in “transient” mode, which are more realistic in their 
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assumption of a gradual increase in CO2 and other greenhouse gases. The Atmosphere-
Ocean General Circulation Models (AOGCMs) which dynamically link ocean and 
atmosphere, fall in the category of transient models. Examples of AOGCMs frequently 
used for impact and related studies include CGCM1 of Canada, ECHAM4 of Germany, 
and HadCM3 of the UK. 
4. Emission Scenarios: 
 In 1996, IPCC began the development of a new set of emission scenarios, to 
update and replace the well-known IS92 scenarios. The new approved set of scenarios 
is described in the IPCC special report on emission Scenarios (SRES). Four different 
narrative storylines were developed to consistently describe relationships between 
forces driving emission and their evolution and to add context for the scenario 
quantification. The resulting set of 40 scenarios cover a wide range of the main 
demographic, economic and technological driving forces of future greenhouse gas and 
sulphur emission. Each scenario represents a specific quantification of one of the four 
storylines. All scenarios based on the same storyline constitute a scenario “family” which 
briefly describes the main characteristics of the four SRES storylines and scenario 
families as follows: 
A1. The A1 storyline and scenario family describes a future world of very rapid economic 
growth, global population that peaks in the mid-century and declines thereafter, and the 
rapid introduction of new and more efficient technologies. Major underlying themes are 
convergence among regions, capacity building and increased cultural and social 
interactions, with a substantial reduction in regional differences in per capita income. The 
A1 scenario family develops into three groups that describe alternative directions of 
technological change in the energy system. The three A1 groups are distinguished by 
their technological emphasis: fossil intensive (A1FI), non-fossil energy source (A1T), or 
a balanced across all sources (A1B) (where balanced is defined as not relying too heavily 
on one particular energy source, on the assumption that similar improvement rates apply 
to all energy supply and end-use technologies). 
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A2. The A2 storyline and scenario family describes a very heterogeneous world. The 
underlying theme is self-reliance and preservation of local identities. Fertility patterns 
across regions converge very slowly, which results in continuously increasing population. 
Economic development is primarily regionally oriented and per capita economic growth 
and technological change are more fragmented and slower than other storylines. 
B1. The B1 storyline and scenario family describes a convergent world with the same 
global population, that peaks in the mid-century and declines thereafter, as in the A1 
storyline, but with rapid change in economic structures towards a service and information 
economy, with reductions in material intensity and the introduction of clean and resource 
efficient technologies. The emphasis is on global solutions to economic, social and 
environmental sustainability, including improved equity, but without additional climate 
initiatives. 
B2. The B2 storyline and scenario family describes a world in which the emphasis is on 
local solutions to economic, social and environmental sustainability. It is a world with 
continuously increasing global population, at a rate lower than A2, intermediate levels of 
economic development, and less rapid and more diverse technological change than in 
the A1 and B1 storylines. While the scenario is also oriented towards environmental 
protection and social equity, it focuses on local and regional levels. 
2.2.2 Downscaling 
For long rivers, it is impossible to predict how much water flow or vanish precisely. 
Robust records of at least several past decades of hydro-metrological data sets (e.g. 
stream flow, rainfall, Evaporation and Transpiration, infiltration, etc.) have to be available 
to make the “best guess” of what the river discharge will be. Furthermore, to be able to 
estimate the river water losses due to evapotranspiration, it is necessary not only to know 
annual rainfall/run-off variations, but also seasonal, monthly and even daily peaks and 
troughs. 
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Global Climate Models (GCMs) were considered as the primary tool for understanding 
how the global climate may change in the future. However, these currently do not provide 
reliable information on scales below about 200 km (Stocker et al., 2013).  The poor 
quality and gaps in observation data provided to this research is considered as one of 
the major challenges faced (Refer to chapter 3, 5 and 6). 
The downscaling approach is suggested to overcome such a problematic issue in this 
study. This methodology has been developed and tested in other studies e.g. (Hensen 
et al., 2012). Downscaling is a method for obtaining high-resolution climate or climate 
change information from relatively coarse-resolution Global Climate Models (GCMs). 
The available studies indicate that downscale processes have the potential to produce 
finer resolution datasets from the global reanalysis records which is suitable for 
hydrological and meteorological applications (Srivastava et al., 2013). It can be 
considered as a strategy for generating locally relevant data from Global Circulation 
Models (GCMs). The overarching strategy is to connect global scale predictions and 
regional dynamics to generate regionally specific forecasts. GCMs always show an 
excellent description of the climate change behaviour on continental and hemispherical 
levels. However, Dibike et al. (2005) state that GCMs inherently cannot show local sub-
grid scale features and dynamics such as local topographical features and convective 
cloud processes. Moreover, GCMs are not designed for climate change impact studies 
and do not provide a direct estimation of hydrological responses to climate change. 
GCMs typically have a horizontal resolution of between 250 and 600 km and between 
10 and 20 vertical layers in the atmosphere, and sometimes as many as 30 layers in the 
oceans (IPCC, 2007; Barrow et al., 2000). This means that their resolution is very coarse 
relative to the scale of the units that are required to be investigated. This coarse 
resolution also means that representation of the earth’s surface (i.e. underlying 
topography) in the model is also poorly detailed in comparison to reality with obvious 
implications for the accuracy of the climate simulation. Consequently, output from GCMs 
is not generally of a sufficient resolution or reliability to be applied directly to represent 
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present-day climate or subsequent future climate conditions. Therefore, the need for 
detailed local or regional scenarios of climate change for impact studies has resulted in 
the development of a number of methodologies for deriving such information, generally 
from GCMs (Robock et al., 1993). These methodologies, termed ‘downscaling’, have 
been designed to bridge the gap between the information that the GCMs can provide 
and that required by modellers undertaking impact studies (Wilby et al., 1997). 
Downscaling approaches are always found as either spatial or temporal. The temporal 
approach produces fine-scale temporal data from coarser-scale temporal information. It 
is mainly used in derivation of daily scenario data from monthly or seasonal scenario 
information. As for the spatial approach, it produces finer resolution climate information 
from coarser resolution GCM output. Here, the assumption is that it will be possible to 
determine significant relationships between local and large-scale climate and that these 
relationships will remain valid under future climate conditions (IPCC, 2007). 
2.2.3 Dynamical Downscaling: 
The dynamical downscaling technique is based on the use of regional climate 
models (RCMs), which generate finer resolution output based on atmospheric physics 
over a region using GCM fields as boundary conditions (Giorgi et al., 1999). The physical 
uniformity between GCMs and RCMs is governed by the correspondence of their large-
scale circulations (von Storch et al., 2000). As a consequence of the higher spatial 
resolution output, RCMs provide a better description of topographic phenomena such as 
orographic effects (Christensen et al., 2007), and the finer dynamical processes in RCMs 
produce more realistic mesoscale circulation patterns (Buonomo et al., 2007). However, 
RCMs are not expected to capture the observed spatial precipitation extremes at a fine 
cell scale (Fowler et al., 2009). Studies have found that the RCMs performance depends 
on the RCM resolution, on the region and the season on either end. Although RCMs may 
give feedback to their driving GCMs, many dynamic downscaling approaches are based 
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on a one-way nesting approach and have no feedback from the RCM to the driving GCM 
(Maraun et al., 2010). 
RCMs do have a heavy legacy of biasing resulted from GCMs when trying to simulate 
precipitation for example on large scales (Durman et al., 2001) and the inter-model 
differences are related to model biases (Frei et al., 2006). Moreover, Christensen et al. 
(2008) suggests that GCM biases may not be linear and biases may not be cancelled 
out by simply taking differences between the control and future scenarios, which many 
studies have adopted. On the other hand, imperfect modelling and numerical stability 
also adversely affect RCMs (e.g. Lenderink et al., 2008; Maraun et al., 2010). 
Despite their rapid development, RCMs are still ridden with problems related to 
parameterisation schemes due to the fact that physical processes are modelled at a 
scale on which they cannot be explicitly resolved (Maraun et al., 2010). The RCM 
precipitation outputs are still found to be sensitive to the numerical scheme and 
parameters (Fowler et al., 2009; Bachner et al., 2008; Murphy et al., 2009). The 
discrepancies between real average values and site-specific data are expected to remain 
a problem (Chen et al., 2008). 
2.2.4 Statistical Downscaling: 
Statistical downscaling is a straightforward means of obtaining high resolution 
climate projections (Wilby et al., 2004). It establishes particular statistical relationships 
between the GCMs in coarse state and good quality local scale observations. 
With respect to types of statistical methods, downscaling can be categorical, continuous-
valued or hybrid (Wilby et al., 1997). In categorical downscaling, classifications and 
clustering are the common statistical techniques to relate data to different groups 
according to large-scale circulation patterns and data attributes (Zorita et al., 1999). For 
continuous-valued downscaling, regression relationships are widely used to map large 
scale predictors onto local-scale predictands (Chandler et al., 2002). In hybrid 
downscaling, different statistical approaches are combined (Wilby et al., 2002). 
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 Wilby et al. (2006) assessed the uncertainty of climate change, deployable water 
resources, and water quality dynamics for the River Kennet, using downscaled data 
outputs from three GCM runs. Gellens et al. (1998) applied a conceptual hydrological 
mode to several Belgian catchments using observed data perturbed by GCM outputs. 
Brouyère et al. (2004) used an integrated hydrological model and outputs from three 
GCM runs to assess climate change impacts on groundwater resources for the Geer 
basin in Belgium. 
Diaz-Nieto et al. (2005) explored the relative merits of using statistical downscaling and 
change factor methods to study low flows in the River Thames using CATCHMOD 
hydrological model. Although statistical downscaling can be a computationally efficient 
alterative to dynamic downscaling, the validity of statistical downscaling is based on an 
assumption that the empirical relationship identified for the current climate will hold for 
future climate scenarios (Wilby et al., 2004). 
The statistical downscaling method examined in this thesis generates hydrological series 
at a catchment scale which is similar to the target scale in many dynamical downscaling 
models (e.g. 25x25km Hadley RCM). As the output of the developing statistical and 
general dynamic downscaling converge to similar scale, the results from the statistical 
downscaling method developed here may be useful for setting benchmarks for dynamic 
downscaling. In this work, weather generator type downscaling is of particular interest 
because weather generators are very general statistical methods allowing combinations 
of various downscaling techniques and can provide weather sequences for areas without 
long climate records (Richardson et al., 1984). 
It should be noted that the statistical downscaling technique’s basic assumption is not 
variable, i.e., that the statistical relationships developed for the present day climate also 
hold under the different forcing conditions of possible future climates. This limitation is 
also applied to the dynamical approaches; studies based on the SD largely restricted 
themselves to a single driving GCM. The developers of one of the most widely used 
statistical models (SDSM) report that such an approach is a very straightforward means 
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of obtaining higher spatial resolution scenarios by applying coarse-scale climate change 
projections to a high resolution observed climate baseline (Wilby et al., 2004). This 
method is often used when the Regional Climate Models’ outputs are unavailable, for 
sensitivity studies, or whenever rapid assessments for multiple climate change scenarios 
(and/or Global Climate models experiments) are required. 
2.3 Evapo[transpi]ration  
The general identification of the Evapotranspiration is the summation of the water 
that is lost directly from open water bodies surfaces (e.g. rivers, lakes, oceans, etc.), 
‘evaporation’, and water that can be lost from other sources which are able to hold water 
like soil and plants, ‘transpiration’. Evapotranspiration is characterised by a high degree 
of ambiguity, and has been defined in many studies as the same concept but in different 
styles (e.g. Oxford Dictionary; Food and Agricultural Organisation (FAO); Sanford et al., 
2013; Hansen et al., 1980). All of these studies and more consider different aspects of 
evapotranspiration in terms of its importance, estimation method tools and challenges, 
trends and how it may be affected by other atmospheric variables, and also analysing its 
components (evaporation/transpiration), etc. 
The evapotranspiration constituent processes (evaporation + transpiration) take place 
when changes happen for one, some or all the effective variables (temperature, wind, 
relative humidity, etc.) seasonally or due to any other climate change issues. Due to the 
mass conservation law, the lost water does not disappear, but rather is retained by the 
atmosphere and returns back to either the same water body or other more distant water 
bodies via transpiration to the atmosphere. Transpiration, like direct evaporation, 
depends on the energy supply, vapour pressure gradient and wind. Hence, radiation, air 
temperature, air humidity and wind terms should be considered when assessing 
transpiration. The soil water content and the ability of the soil to conduct water to the 
roots also determine the transpiration rate, as do waterlogging and soil water salinity. 
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The transpiration rate is also influenced by crop characteristics, environmental aspects 
and cultivation practices. Different kinds of plants may have different transpiration rates. 
The crop development, soil and the provided water amount also should be considered 
when assessing transpiration (Allen R. et al., 1998).  
2.3.1 Variables Affecting the Evapotranspiration 
As part of the hydrological cycle, there are several factors affecting 
evapotranspiration. The first of these is air temperature. As temperatures increase, 
evapotranspiration also goes up. This occurs because warmer air surrounds the water 
surface. Cooler temperatures cause less release of water into the atmosphere from wet 
surfaces. As evapotranspiration is the sum of transpiration and evaporation, when 
transpiration decreases, so too does evapotranspiration. 
Relative humidity (the amount of water vapor in the air) is also an important consideration 
in evapotranspiration rates because as the air becomes more and more saturated, less 
water is able to evaporate and to be taken by the air. Therefore, as the relative humidity 
increases transpiration decreases.  
The movement of wind and air across an area is the third main factor affecting 
evapotranspiration rates. As the movement of air increases, evaporation and 
transpiration increase as well because moving air is generally less saturated than 
stagnant air. Once saturated air moves, it is replaced by drier, less saturated air that 
absorbs water vapour. 
The moisture available in the soil is the fourth main factor affecting evapotranspiration 
because when soil is lacking moisture, plants begin to transpire less water in an effort to 
survive. This in turn decreases evapotranspiration. The type of vegetation also affects 
the transpiration process. Different plants transpire water at different rates. For example, 
a cactus is designed to conserve water. As such, it does not transpire as much as a pine 
tree would because the pine does not need to conserve water. Their needles also allow 
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water droplets to gather on them and this water is later lost to evaporation in addition to 
the normal transpiration. 
In addition to the main fifth factors outlined above, evapotranspiration rates are also 
dependent upon geography, namely, an area's latitude and its climate. Regions of the 
globe with the most solar radiation experience more evapotranspiration because there 
is more solar energy available to evaporate the water. These are generally the equatorial 
and subequatorial regions of the earth. Evapotranspiration rates are also highest in areas 
with a hot and dry climate. In the Southwest of the United States for example, 
evapotranspiration is about 100% of the total precipitation for the area. This is because 
the area experiences many warm, sunny days throughout the year paired with little 
precipitation. In these conditions, evaporation is at its highest. By contrast, the US 
Northwest’s evapotranspiration is only about 40% of yearly precipitation. This is due to 
the much colder and wetter climate. In addition, it is at a higher latitude and experiences 
less direct solar radiation. 
2.3.2 Evapotranspiration (ET) Assessment: 
Evapotranspiration can be measured directly by different methods and tools. For 
example, the lysimeter method which is usually utilised to measure ET by routinely 
measuring the change in soil moisture of a known volume of soil that is covered by 
vegetation (Watson et al., 1995). The disadvantage of this method is that it can be 
expensive economically and time consuming in terms of installing, checking, and 
maintaining the equipment. 
ET can also be measured by determining the flux of moisture from the wetted surface to 
the atmosphere by using highly sensitive sensors that detect the change in 
meteorological variables between the surface and a fixed level above the surface. The 
determination of ET through these flux-related methods, while highly accurate, can be 
difficult and is generally used only in research settings (Allen, 2000, Atkinson, 2003). 
This method is also known as the energy budget method. The heating and evaporation 
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of water requires energy; therefore, the ET process is limited by the input of energy into 
the system, i.e. incoming radiation from the sun, (Allen R. et al., 1998, Atkinson, 2003). 
Therefore, measuring the ET can be very problematic, requiring methods that are either 
labour or financially intensive or that are indirect proxies of evapotranspiration. As an 
alternative to that, numerical models have been developed to estimate ET for use in 
environments that lack necessary ET measurements. Many of these models have been 
derived empirically through field experiments; others have been derived through 
theoretical approaches. 
A major complication in modelling ET is the requirement for meteorological data that may 
not be easily available (e.g. solar radiation). This restriction at times prohibits use of more 
accurate models, and necessitates use of models that have less demanding data 
requirements. 
ET is the component that links the surface energy balance to the surface water balance. 
If the values of the remaining components in either system are knwon, ET can be 
computed. Allen R. et al. (1998) describe the energy balance as: 
 𝑅𝑛 −  𝐺 −  𝜆𝐸𝑇 − 𝐻 = 0 (2-7) 
where 𝑅𝑛 = Net Radiation, 
𝐺 = Soil Heat Flux, 
𝜆𝐸𝑇 = Latent Heat Flux, and 
𝐻 = Sensible Heat Flux. 
All the above terms are in units of W m-2 and may be positive (i.e., Rn is received by the 
surface and the other fluxes are directed away from the surface) or negative (i.e., Rn is 
lost from the surface and the other fluxes are directed toward the surface). In other words, 
a positive Rn term indicates an input of energy into the surface system (the typical 
daytime condition), and positive values for all other terms indicate a loss from the surface 
system (Dingman 1994, Allen et al. 1998, Geiger et al. 2003). The magnitude and sign 
of the energy balance terms depend on several factors, such as the day of the year, the 
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time of day, and the condition of the atmosphere. Rn, G, and H can all be measured 
directly, thus permitting the computation of the latent heat flux as a residual ET. 
The mass transfer method is another technique to compute ET. It examines the 
movement of air parcels above a generally homogenous surface (Allen et al. 1998). 
These parcels, also known as eddies, transport water vapour, heat, and momentum to 
and from an evaporating surface (Dingman 1994, Allen et al. 1998, Geiger et al. 2003). 
Assuming that the transport coefficients for heat and momentum are the same as those 
for water vapour, then ET rate can be computed by calculating the positive vertical flux 
of water vapour from the evaporating surface (Dingman 1994, Allen et al. 1998, Geiger 
et al. 2003). This assessment is typically done using the Bowen Ratio equation (Allen et 
al. 1998). Additional information and details about the Bowen Ratio are beyond the scope 
of this text and the reader should consult other texts for a complete explanation (e.g. 
Houghton et al., 1985, Geiger et al., 2003). 
Aside from lysimeters and mass transfer techniques, several other methods exist for 
measuring ET directly, such as eddy covariance (Massman et al., 1995; Scott et al., 
2004, Testi et al., 2004) and scintillometric techniques (Daoo et al., 2004). However, 
these methods require very high-resolution equipment that is generally cost-prohibitive 
and labor intensive. Therefore such use is typically for research only (Qiu et al., 2002; 
Brotzge et al., 2003). 
Measuring ET using a metal evaporation pan, typically about 1 meter in diameter, is the 
basic approach. This method is widely used for its reasonable accuracy. The ET values 
obtained are a function of other considerations. Evaporation pans work under the 
concept of specifying the loss of a known quantity of water through evaporation using a 
measuring tool, e.g. Vernier calliper, to identify changes in the exact level of water. Allen 
R. et al. (1998) noted, these pans do not measure transpiration, and therefore they must 
be adjusted using calibration coefficients to represent ET. In terms of calibrating the 
results, pan evaporation data must be adjusted downward using a pan coefficient. Pan 
evaporation data typically overestimates ET due to the nature of the pan. Evaporation 
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pans will often still evaporate at night due to the residual heat that is stored in the water 
of the pan. Additionally, there are differences in temperature, atmospheric turbulence, 
and humidity above the water in the pan that make evaporation rates different from that 
over a leaf surface. Finally, the stomata of a plant control the return of loss of water back 
to the atmosphere and act as a regulator. The water in an evaporation pan has no such 
limiting factor and is free to evaporate as much as the atmospheric conditions will allow 
(Allen et al. 1998, Barnett et al.1998). Pan coefficients can be derived experimentally or 
through various equations (e.g. Eagleman, 1967 ; Doorenbos et al., 1977; Jensen et al., 
1997; Barnett N. et al., 1998; Grismer et al., 2002, Irmak et al., 2002). 
Some limitations of evaporation pans include the cost of the pan and equipment 
(approximately £600 to £1500) and the amount of water required, which can be critical 
in arid locations or locations where running water is not available (Hansen et al.1980). 
Another substantial cost in the operation of evaporation pan stations is the cost of 
personnel to take daily measurements at the site. Despite these costs, however, pan 
measurement was still more cost-effective than an automated weather station until 
recently, but as the costs of automated weather stations have decreased over the years, 
the option of computing ET based on meteorological data has become more cost 
effective due to the elimination of recurring costs. 
2.3.3 Evapotranspiration Numerical Models 
As can be understood from the above, direct ET measurement can be considered as a 
relatively intensive task. Basic measurements of the atmosphere, such as temperature, 
humidity, rainfall, wind, and solar radiation tend to be relatively easy to collect and are 
available at many locations. To overcome all of those limitations and difficulties and also 
to be able to develop databases for ungauged environments, a wide range of models 
have been developed to estimate ET. Many of these models have been derived through 
empirical and experimental work by Thornthwaite (1948), Blaney and Criddle (1950), 
Jensen and Haise (1963). However, other studies (e.g., Penman, 1948, Hargreaves, 
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1974, Hargreaves and Samani, 1985) developed equations through theoretical 
approaches that involve a combination of the energy budget and mass transfer methods. 
They are normally classified into three essential types: temperature based models, 
radiation based models and a combination of the two (Jensen et al., 1990, Dingman, 
1994, Watson and Burnett, 1995). Temperature models only require measurements of 
air temperature as the sole meteorological input to the model (e.g., Thornthwaite, 1948, 
Doorenbos and Pruitt, 1977; Jensen et al., 1990). Radiation models (e.g., Turc, 1962, 
Doorenbos and Pruitt, 1977, Hargreaves and Samani, 1985) are typically designed to 
use some component of the energy budget concept and usually require some form of 
radiation measurement. Finally, combination models (e.g., Penman, 1948) combine 
elements from both the energy budget and mass transfer models to give very accurate 
results (Jensen et al., 1990). The Penman family of models is by far the most commonly 
used combination model. (Jensen et al., 1990, Allen et al., 1998). Moreover, scientists 
distinguish between three different aspects of evapotranspiration: reference, potential 
and actual evapotranspiration. 
Reference Evapotranspiration (ET˳) is a modification out of the concept of ET that 
provides a standard crop (a short, clipped grass) with an unlimited water supply so that 
a user can calculate maximum evaporative demand from that surface for a given day. 
This value, adjusted for a particular crop, is the consumptive use (or demand), and deficit 
represents that component of the consumptive use that goes unfilled, either by 
precipitation or by soil-moisture use, during the given time period. This deficit value is 
the amount of water that must be supplied through irrigation to meet the water demand 
of the crop (Dingman, 1994, Allen R. et al., 1998). 
Potential Evapotranspiration (ETp) is another term used in the study of 
evapotranspiration. It is the amount of water that could evaporate and transpire under 
conditions with adequate precipitation and soil-moisture supply (Hansen et al., 1980; 
Watson et al., 1995). So the amount of water supplied that is actually available is not an 
issue. Therefore, there is potential for one of these approaches to be used to calculate 
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ET. The ET is usually higher in the summer, on sunny days, and at latitudes closest to 
the equator due to the aforementioned reasons. Hydrologists monitor potential 
evapotranspiration because it is useful in predicting the evapotranspiration of an area 
and as it usually peaks in the summer, it is helpful in monitoring potential drought 
situations. ETp is combined with examination of the factors contributing to actual 
evapotranspiration and gives hydrologists an understanding of what an area's water 
budget will be after water is lost due to this process. As droughts are a concern for many 
areas around the globe, evapotranspiration is an important topic in the study of both 
physical and human geography. 
Actual Evapotranspiration is another type of ET, also known as consumptive use or 
actual evapotranspiration (AET) (Watson and Burnett, 1995), and is the sum of the 
amount of water returned to the atmosphere through the processes of evaporation and 
transpiration. The evaporation component of ET comprises the return of water back to 
the atmosphere through direct evaporative loss from the soil surface, standing water 
(depression storage), and water on surfaces (intercepted water) such as leaves or roofs 
(Hansen et al., 1980). 
Studies have been conducted with the aim of comparing different ET models and 
evaluating their performance either against observations (lysimeteric/evaporation pan 
values) or nominating a well-known ET assessment model (normally Penman FAO56) 
as a study benchmark and evaluating some other models against it. In such studies, the 
ET models are either of the same type, a combination of different types, or randomly 
assigned. 
Some relatively newly developed ET models include the 3T, Bowen Ratio, Temperature 
Difference (Idso et al., 1977, Monteith, 1965, Hatfield, 1985), and ENWATBAL (Evett 
and Lascano, 1993) models. All of those models are temperature models. They were 
compared alongside the well-known Penman-Monteith ET to observations obtained 
using the lysimeteric standard method. A study was conducted oon the Japanese climate 
by Qiu et al. (2002). The initial outcomes of the study suggested that the Penman-
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Monteith model compared well to the lysimeteric standard with a mean bias error (MAE) 
of 0.42 mm day-1. 
Another study has tested the performance of five well-known models, the SCS (Blaney 
and Criddle, 1950), Jensen-Haise (Jensen and Haise, 1963), Canada specific model, 
Baier-Robertson (Baier and Robertson, 1965), the Blaney-Criddle model (Doorenbos 
and Pruitt 1977) and (Modified Penman (Hansen et al. 1980) for in Quebec (Barnett et 
al., 1998). Model outputs were compared to an evaporation pan located about 20 km 
from the meteorological station on a monthly and seasonal scale for 1995 and 1996. 
Results suggest that the best-fit model on the seasonal scale was that of Baier-Haise, 
which was not found to differ significantly from the corrected pan value. This study also 
suggested that the models (including the FAO Blaney-Criddle and the Modified Penman) 
would perform better than the pan data if each model were properly calibrated to the 
local climate (Hansen et al., 1998). This suggestion has been supported by Xu and Singh 
(2000), who tested several models (including Priestley-Taylor, Makkink, and Turc) 
against pan evaporation data in Switzerland. Those suggestions might enhance the 
possibility that every parameter of each model may require to be appropriately tuned for 
any location used with, especially if the model is not composed unequivocally for that 
location’s climate. The two studies above might suffer from at least one possible defect; 
when using pan evaporation data as a reliable standard of measurement for ET, 
especially with the known errors in converting pan evaporation to ET (see Allen et al., 
1998). Therefore, the calibration of relatively simple models against a more reliable 
reference (such as ET) may provide a useful means of estimating ET for agricultural and 
environmental applications. 
Thornthwaite, Penman and Linacre ET models estimated evapotranspiration rates in four 
different West African climates and also have been compared between each other 
considering monthly based data from 1931-1960 from 34 stations. All three models were 
compared against evaporation pan data. When compared to evaporation data and the 
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Penman model, the Linacre model returned a higher correlation coefficient than the 
Thornthwaite method (Anyadike 1987). 
Other studies that use the 56PM model as the standard include Utset et al. (2004), Gavin 
and Agnew (2004), and Irmak et al. (2003a, 2003b). 
In this study, the choice of models has been based on model complexity. Models 
requiring relatively few variables are compared to those requiring many more variables, 
to assess whether the complexity does really matter when evaluating ET over an 
arid/semi-arid catchment like the Tigris basin in Iraq. Further investigations and details 
about the selected ET models are discussed in Chapter 5. 
2.4 Evapo[transpi]ration Impacts on Rivers 
As detailed above, Evaporation and Transpiration can be considered as major 
outflow processes of water budgets for river catchments. River losses assessments need 
to consider several factors carefully, including water surfaces (e.g., wetland, pond, etc.), 
vegetation, or both. In addition, this issue may require an estimation of evaporation, 
transpiration, or both to estimate water level changes periodically. The combined effects 
of water surface evaporation, soil moisture evaporation, and plant (if there is any) 
transpiration for this system are often significant components of annual water budgets. 
Evaporation tends to lower water level in a river, pond or wetland over time, and 
evapotranspiration acts to dry out the soil before the next season. During wet the season, 
however, evaporation and evapotranspiration are typically not significant compared to 
precipitation, discharge and infiltration, and are often not considered in water budget 
calculations. 
As discussed earlier, Evapotranspiration is a function of meteorological conditions, such 
as air temperature, wind speed, relative humidity, and solar radiation; and of 
evaporation/transpiration surface conditions (i.e., fraction of reflected incident sunlight), 
water temperature, water surface roughness, and water availability. One of the major 
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assumptions that should be made when calculating ETp is the complete availability of the 
water that covers the entire basin. Therefore, water availability in the soil is negligible 
and the complexity associated with water stress does not need to be determined. Water 
stress can be minimised by irrigation systems. Reference plant ET is used to further 
simplify the determination of ET. Reference plant ET is the potential ET for a standard 
reference plant. The two most widely used reference plants are alfalfa and grass. 
Reference plant ET allows the impact of meteorological variables to be assessed using 
relatively constant plant conditions. Complexities related to time varying vegetal cover 
and water stress do not need to be considered. The conversion of reference plant ET to 
potential ET for different plant types is done using plant or crop factors. 
Equation (2.8) represents the average annual ET for a catchment as a component of the 
water balance. The change in storage increases and decreases during the year; for many 
years, however, the net change is generally small. Therefore, for average annual ET, ΔS 
≈ 0, and typically DS ≈ 0. Equation (2 8) can be simplified to Equation (2.9), which 
indicates that the average annual ET is equal to the difference between the average 
annual precipitation and average annual runoff depth. For example, the Minnesota 
Department of Natural Resources publishes maps that allow the average annual 
precipitation depth and average annual runoff depth to be estimated for any location in 
Minnesota using this equation. 
 𝑃 − 𝐸𝑇 − 𝑅𝑂 − 𝐷𝑆 =  𝛥𝑆 (2-8) 
where, P = Precipitation Depth 
ET = Evapotranspiration  
RO = Runoff Depth Measured at Stream or River Gauging Station 
DS = Deep Seepage Depth 
ΔS = Change in Stored Water Depth 
Estimating evapotranspiration for any watershed: 
 𝐸𝑇 = 𝑃 − 𝑅𝑂 (2-9) 
where, P = Precipitation Depth 
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ET = Evapotranspiration  
RO = Runoff Depth Measured at Stream or River Gauging Station 
 
ET estimates usually are indirectly obtained from measured meteorological data or other 
variables. Energy balances provide a useful theoretical framework for converting the 
indirect measurements into ET estimates. Key energy terms are net radiation, sensible 
heat loss, and latent heat of ET. The daily energy balance for plant canopies and water 
bodies can be calculated using Equation (2-10), in which all energy terms have units of 
energy per unit area per day. 
Daily Energy Balance for Plant Canopies and Water Bodies: 
 𝑅𝑛 = (𝐿)𝐸𝑇 + 𝐻𝑆 (2-10) 
where, ET = Evapotranspiration Depth Per Day 
L = Latent Heat of Vaporisation (approximately equal to 540 cal/cm3) 
Hs = Sensible Heat Loss 
Pan evaporation techniques are widely used to measure evaporation from water 
surfaces and ET from soil and plant canopies (Farnsworth and Thompson 1982, Jensen 
et al. 1990). With these techniques, pans are filled with water and are placed on/or near 
the water body or within the standard plant canopy conditions. Evaporation rates from 
pans are used to estimate evaporation or reference plant ET. Pan evaporation rates are 
typically greater than actual lake evaporation and reference plant ET rates. Therefore, 
an adjustment factor, called a pan coefficient, is used and typically ranges between 0.64 
and 0.81, as shown in Equation (2-11). 
 𝐸 = 𝐴 𝑥 𝐶𝑝𝑎𝑛𝑥 𝐸𝑇𝑝𝑎𝑛 (2-11) 
where, E = Average Annual Evaporation 
A = Area of Water Surface  
Cpan = Pan Coefficient 
ETpan = Evapotranspiration Values Measured by Evaporation Pan 
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To conclude, if the change in water in the soil is known (through soil moisture change or 
runoff), any loss after water gain has been accounted for through precipitation or 
watering is attributed to ET (Watson et al., 1995; Allen R. et al., 1998). In addition, 
evapotranspiration can have a significant influence on the equilibrium of the water budget 
component for rivers and other water bodies existing in arid and semi-arid environments, 
and it has to be carefully estimated. Moreover, it is clear that the potential 
evapotranspiration can be calculated for unlimited water supply conditions. On the basis 
of this analysis, the ET method (Evaporation Pan) can be used to estimate the 
evapotranspiration and can represent the Evaporation from the water surface in the 
same time. This will be further explained in chapter 5. The resulting values from this 
process can generate the ‘Evapo[transpi]ration’ term which can be used to define the 
river water losses caused by the evaporation in areas such as the Tigris river basin which 
relies on the runoff as the only source of water for the river itself and the surrounding 
land. 
2.5 Hydrodynamic Models 
Hydrodynamic models are developed to represent water flow within the river 
channel routing water along the modelled river. This section summarises a review 
conducted by Pattison (2010) relating to the subject of how channel flow hydraulics are 
represented in models of different complexity.  
There are three main groups of river hydrodynamic/routing models; (1) 
hydrological/storage methods; (2) convection-diffusion equation based methods; and (3) 
methods using the St. Venant equations. The simplest river routing methods are based 
on basic hydrological or storage principles and take no account of flow resistance. 
1D hydraulic models have been used widely for several applications and purposes 
(Chow, 1959; Bhallamudi et al., 1991; van Niekerk et al., 1992). In such researches, this 
type of model can provide river flow/flood events in a less computationally demanding 
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manner (e.g. propagation and diffusion of the flood wave, Moussa et al., 1996). However, 
they cannot represent spatially complex topography, require accurate representation of 
the bed slope, and channel cross sections. The representation of the channel bathymetry 
is limited because, due to interpolation, features between cross-sections are not 
included. This means that representing floodplain storage can be problematic. Another 
assumption of these models is that lateral and vertical variations of flow characteristics 
are negligible. They are suitable for modelling in-bank flows (Knight et al., 1996), but 
inappropriate for overbank flows involving topographically complex floodplains. They are 
based on calculations including the roughness parameter that represents friction, form 
resistance, turbulence, floodplain topography and vegetation. The parameterisation of 
roughness is a fundamental aspect of hydraulic modelling. This is because the 
roughness of the channel and floodplain differ and therefore affect the conveyance of 
water in different ways (Hunter et al., 2005). 
The most common parameter used to represent roughness is Manning’s n, which 
combines the effect of numerous factors that cause flow resistance, including vegetation 
(Mason et al., 2003), channel planform, obstructions, stage-discharge relationship and 
sediment interactions. One of the main problems with using Manning’s n is that it is 
constant over time, whilst in reality roughness effects are spatially and temporally 
variable (Holz et al., 1982). 
1D models can be used to represent the floodplain, but do so with simplistic storage and 
routing approaches (Mizanur et al., 1995), using either an extension of channel cross 
sections or by using a parallel channel. However, these approaches require some a priori 
knowledge of flow paths (Bradbrook, 2006, Haestad et al., 2003, Thomas et al., 2007). 
Furthermore, important channel features, such as meanders, are only accounted for in 
the lumped friction parameter. Examples of 1D hydrodynamic models include HEC-RAS, 
MIKE 11and ISIS-Flow etc. These are all industry-developed hydraulic models, with user 
interfaces that simulate steady and unsteady flows for single and dendritic channels, as 
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well as whole channel networks. They can also all represent channel structures, such as 
bridges, culverts and weirs. 
ISIS-1D is the hydraulic model which has been selected to for this study for a few 
reasons. Firstly, there was no strong emphasis in any of the 1D models published in 
literature to represent the process of water losses propagation along a river precisely, 
and this is the process of interest of this thesis. Secondly, the data available for model 
validation only consists of gauged stage and discharge records; spatially distributed 
evaporation loss data is not available. This type of data is more compatible with 1D 
hydraulic models (Horritt et al., 2002). Finally, CH2MHILL (Model Developer) offered to 
supply “ISIS-1D (1000 Nodes)”, which facilitated incorporating a large amount of river 
network features and elements. It could thus act as a good starting point for model 
refinement. 
2.6 River Profile Development 
Alongside the required hydrological parameters which have to be available for 
the modelling, river physical characteristics need to be identified including catchment 
boundaries, catchment area and water surface area, drainage density, channel length, 
channel slope, river bed surface roughness, soil type, surrounding vegetation and river 
cross section properties. The availability and quality of those data are crucial to the 
success of the simulation as they have great impacts on the modelling of overland flow 
due to their influence on storage capacity and conveyance, both in the channel and on 
the floodplain (Ghavasieh et al., 2006, Mejia et al., 2011).Due to their effect on the flow 
dynamics of a channel and the considerable uncertainty in observed data. Many 
researches (e.g. Myers, 1991, Wolff et al., 1994, Woltemade et al., 1994, Johnson, 1996, 
Wohl, 1998, Anderson et al., 2006, Sholtes et al., 2011) have studied the impacts on flow 
attributed to these parameters including the cross-section elevation data. 
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One of the focus areas of this research is to assess whether a novel cross section and 
river profile development method can be used to provide an aid to building more 
adequate river profiles and to represent e.g. the Tigris River in the hydraulic model as it 
is one of the major boundary conditions of the model. 
In the following sections, some of the well-known river profile measurement techniques 
are presented and analysed with regards to how adequate they are for the priority of river 
channel parameters used in hydrodynamic modelling: 
2.6.1 Field Measurement 
The traditional depth collection technique (rod & rope) is still the most common 
technique used for collecting river depth and cross-sectional depth data. This technique 
is highlighted widely in literature. For example, the United States Geological Survey 
(USGS) in the National Handbook of Recommended Methods for water data acquisition 
report; Texas Water Resources Institute (under the USGS) in Techniques of Water-
Resources Investigations report (Buchanan et al., 2010); and United States Department 
of Agriculture Forest Service in Stream Channel Reference Sites: An Illustrated Guide to 
Field Technique (Harrelson et al., 1994). This method of physically measuring the depth 
of the river with a surveying rod (stadia) and a weighted rope is the most commonly used 
and widely accepted method. Location and distance information is determined by 
surveying instruments and the river width is divided into increments for multiple cross-
sectional depth measurements. 
This method for getting river profiles, specifically cross-sectional river profiles, is 
expensive, time consuming, and requires a great deal of man-power and specialist tools 
and training. This method requires the conversion of hand collected data to digital format, 
which is time consuming and can cause errors. Several people are required to collect 
the depths; with the process being time and labor intensive. River surveyors wade across 
the river, carrying a handheld survey rod to measure water depth, or negotiate the cross-
section by a boat guided by a cable marked with river width increments (US Geological 
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Survey, 1976). River depth can be difficult to measure and several bias or errors of 
physically measuring depth can occur. The largest issue arises due to the fact that most 
researchers choose to collect data in the warmer months, rather than during flood events 
or annual high flows, which severely limits the validity of data.  
Sonar (sound navigation and ranging) has been used in military, commercial, and civilian 
applications to estimate river profiles. Military use of sonar began during World Wars I 
and II, and was primarily used for navigation, communication, and enemy detection 
(Urick, 1975). Use of sonar in the commercial and civilian sectors has mostly been for 
navigation, to identify deeper water where ships can travel and to produce bed maps of 
the sea and large rivers.  
The discovery of transduction, the conversion of electricity to sound and vice versa, was 
an integral step in development of the sonar systems used today. Sound is a pressure 
wave and the pressure change caused by sound on certain types of crystal pairs will 
cause an electrical charge across them, which is called piezoelectricity. Devices that 
accomplish this are referred to as transducers. Hydrophones are transducers that 
convert sound into electricity and projectors are transducers that convert electricity into 
sound. These are the two main parts of active sonar systems (Urick, 1975). 
Passive sonar systems listen to sounds generated by the target and is used for 
communication, telemetry, control applications and distance finding. Active sonar 
systems generate a sound (pulse) that bounces off the target, and the sound returns to 
the system as an echo. The amount of time it takes for the echo to return can be used to 
calculate the distance and is called echo-ranging (Urick, 1975). 
The operating range for the sonar is usually from 0.6- 450 m with a precision of 0.1 m. 
The portable sonar equipment system is mounted on a boat and used to record water 
depths directly onto a laptop computer. The boat is positioned at specific distances from 
the shore via a cable to acquire positioned depth measurements and data is collected 
from repeated cross-sectional passes. The boat mounted sonar system is evaluated to 
determine its precision and the precision of the field data collection technique. 
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The sonar system accuracy is normally assessed by comparing to traditional survey 
transect data from a regularly gauged site. The procedure usually proves to be a reliable, 
accurate, safe, quick, and relatively economical method to record river depths for stream 
studies. Flug et al. (1998) show that sonar systems can be an effective means of 
collecting river data. The use of sonar allows for faster, more intensive large scale river 
depth collection in short periods of time. River depths dynamically change over time can 
be assessed and georeferenced. Sonar allows for more frequent and easily repeatable 
surveys. However, it is not cost effective and is not utilised on a large scale to collect 
river data.  
Fiscor (2005) conducted river mapping with a canoe based underwater video mapping 
system (UVMS) for the Big South Fork National River and Recreation Area (BISO). 
Fiscor used the Lowrance LMS-350A sonar unit for depth measurement and found 
during simple tests that it reads 0.18 m (0.6ft) greater than the actual depth when in fresh 
water and is unreliable at depths less than 0.5 m (1.6 ft). Multiple river reaches were 
categorised by their average and maximum depth, flow characteristics, and substrate 
composition. Depth maps were created in GIS to assist in creating the required maps. 
McConkey et al. (2011) utilised a canoe and kayak-based UVMS for that same river 
(BISO). The system collected georeferenced sonar-depth data that was used to calculate 
rugosity. The GPS and depth point-to point data are used for the rugosity calculations 
and averaged over 100 data points. McConkey defines rugosity as “a measure of 
variations in height amplitude of a surface. It is commonly measured by the length of a 
chain conforming to a rough surface divided by the straight-line length between the start 
and ends of the chain. The rugosity was used as an indicator for identifying large boulder 
fields with 67% accuracy. Depth and rugosity maps were created for the BISO system. 
 
This research uses some 14 sets of river cross section data that have been measures 
using one or more of the above techniques. They were measured at different locations 
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along the Tigris River. They can be considered a great asset for model calibration and 
validation. 
2.6.2 River Stream Delineating Using DEMs 
A more recent method that is widely used to create topographical profiles for land 
and streams is called LiDAR. LIDAR, which stands for Light Detection and Ranging, is a 
remote sensing method that uses light in the form of a pulsed laser to measure ranges 
(variable distances) to the Earth. These light pulses, combined with other data recorded 
by the airborne system, generate precise, three-dimensional information about the shape 
of the Earth and its surface characteristics. 
A LIDAR instrument principally consists of a laser, a scanner, and a specialised GPS 
receiver. Airplanes and helicopters are the most commonly used platforms for acquiring 
LIDAR data over broad areas. Two types of LIDAR are topographic and bathymetric. 
Topographic LIDAR typically uses a near-infrared laser to map the land, while 
bathymetric lidar uses water-penetrating green light to measure seafloor and riverbed 
elevations as well. LIDAR systems allow scientists and mapping professionals to 
examine both natural and manmade environments with accuracy, precision, and 
flexibility. 
NOAA scientists use LIDAR to produce more accurate shoreline maps, make digital 
elevation models for use in geographic information systems, to assist in emergency 
response operations, and in many other applications. 
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Figure 2.2: NOAA survey aircraft (top) over Bixby Bridge in Big Sur, Calif using LIDAR data. a top-down 
(bottom left) and profile view of Bixby Bridge. 
LiDAR systems are used in many researches to determine the water depths of the river, 
for example, Flug et al. (1998), Marcus et al. (2003), Kinzel et al. (2007) and Charlton et 
al. (2003). Kinzel et al. (2007) in particular, evaluated LiDAR for the collection of shallow 
depths (< 1.0 m) in a braided, sand-bedded river. 
Marcus and Fonstad (2008) argued that LiDAR does not measure the depth, but 
estimates it using several ways such as multiple regression equations or models based 
on physically collected data. 
Marcus et al. (2003) evaluated the potential of 1-m resolution, 128-band hyperspectral 
imagery available for mapping depths of streams in the northern Yellowstone region 
(middle of USA). A stepwise multiple regression was used to determine the relationship 
strength between depth and spectral reflectance. Equations were developed for 
estimating depths throughout the stream. Depth was isolated as the primary driver of 
observed spectral reflectance on the images, so depth could be estimated. This 
technique of measuring depths generated R2 values ranging from 28% for runs and 
glides in third order reaches to 99% for glides in fifth order reaches (Marcus et al., 2003). 
The less accurate depth estimates obtained from smaller streams are attributed to the 
increase in a wide range of depths and surface turbulences on a single pixel. The authors 
of that research concluded that the high accuracies achieved indicate that high spatial 
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resolution hyperspectral imagery can be a powerful tool for watershed-wide mapping and 
modelling of streams. However, the use of this imagery for stream mapping is limited by 
the need for clear water, no tree cover obscuring the stream, and the availability of 
airborne hyperspectral sensors. The aerial imagery in the study was not georeferenced 
and would be an obstacle if wanting to integrate the classification maps into GIS analyses 
with other data layers. 
The National Aeronautics and Space Administration’s Experimental Advanced Airborne 
Research LiDAR (NASA EAARL) was tested due to its advances with water penetrating 
capabilities. The study was conducted on two river reaches in Nebraska in 2002 and 
2005. The LiDAR measurements were computed with a terrestrial algorithm and were 
compared to ground-truth GPS point measurements. The root mean square errors of the 
depth measurements taken on submerged sand in two different areas were 0.18m and 
0.24m. These measurements were deeper than the actual depth. Because the LiDAR’s 
laser pulse travels slower in water (0.11 m /ns) than in air (0.15 m /ns), the depth has to 
be calculated as 0.04 m/ns deeper or 1.36 m for every 1 m of actual depth if the pulse is 
assumed to be through air. This is why an algorithm was developed for the bathymetric 
(underwater depth) data. LiDAR’s ability to collect bathymetry data is limited by the 
visibility, clarity, and depth of the water (Kinzel et al., 2007). 
The LiDAR technique requires specialised equipment that fly over the river in favourable 
weather, which obviously can be very expensive. Marcus and Fonstad (2007) assert that 
most of the studies that use these technologies are proof-of-concept at local or reach 
scales and the use of the technology needs to be expanded. 
In general, this technique is still rarely used because of the huge financial requirements 
as well as data bias that can occur when individuals make a conscious or unconscious 
choice to not wade into deeper water to collect depth measurements. Simple errors of 
leaning on measuring poles for stability when collecting depth measurements can also 
occur. The LiDAR data are still limited by river visibility from the air and shadows. The 
technology has limitations in collecting deeper depths because light must penetrate to 
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the bottom of the stream. The accuracy of these techniques is still very variable (Marcus 
and Fonstad, 2008). 
The majority of drought/flood prone places around the world do not have the ability to 
benefit from the development of state-of the- art inundation models given that LiDAR 
derived terrain data and SAR images are usually prohibitively expensive (Sanyal et al., 
2004). This scenario leaves most of the studies with the option of using freely available 
DEMs. The Shuttle Radar Topography Mission (SRTM) DEM or the Advanced 
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital 
Elevation Model (GDEM) define the model geometry and the cloud-free optical imagery 
of water as the primary source of distributed observed data for model calibration and 
validation. 
Despite the fact that the potential usage of the SRTM DEM in flood and inundation 
modelling studies is demonstrated in several occasions (e.g. Sandra 2007; Manfreda, 
2011) and its data reliability is highlighted to identify flood-prone regions with a modified 
topographic index, it is well known that these terrain data contain considerable 
noise/error (Bhang et al., 2007). A global performance assessment study of the SRTM 
data by Rodriguez et al. (2006) revealed an absolute height error of 6.2 m, 5.6 m and 
6.2 m for Eurasia, Africa and South America respectively. Since, radars’ bands used in 
the SRTM instrument do not penetrate the canopy the SRTM DEM captured the tree top 
elevation rather than the surface at any place with dense foliage. 
The Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital 
Elevation Model (ASTER GDEM), in spite of having a higher spatial resolution of 30 m, 
is reported to have significant anomalies and much higher RMSE than the SRTM DEM 
when compared with LiDAR derived elevation data derived from ICESat (Reuter et al., 
2009). While evaluating the recently available second version of the ASTER GDEM, 
Slater et al. (2011) commented that the data have an effective resolution that is lower 
than 30 m and contain systematic bias in comparison to the other reference DEMs and 
ground control points. Hence, both the SRTM and GDEM products are not really suitable 
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for inundation modelling, at least in the forms that are available for download. Bates 
(2012) did in fact note that the purpose of creating these global data sets most probably 
did not include inundation modelling. 
Due to the high cost of acquiring radar imagery, there are very few requests for data 
acquisition in developing nations to capture flood events on the ground. Consequently, 
for any river basin under study outside industrialised countries there is very limited 
chance of finding a flood scene in the archive of radar data providers. In the absence of 
radar imagery, optical imagery has been successfully used on many occasions for 
delineating the flood extent (Wang et al., 2002, Sanyal and Lu, 2005, Jain et al., 2005, 
Ip et al., 2006). The Landsat archive, which is accessible at no cost, contains numerous 
cloud-free scenes of inundated surface that can be quite valuable for inundation 
modelling in the developing world. 
In spite of all the constraints mentioned above there is an increasing trend of utilising 
freely available terrain data for hydraulic modelling of streamflow. Due to the coarse 
nature of the available terrain data (e.g. SRTM DEM), the majority of these studies has 
been undertaken at continental scale. For example, Yamazaki et al. (2012a) applied a 
global river model, namely CaMa-Flood (Yamazaki et al., 2011), to model the seasonal 
cycles of water level elevations in the Amazon River using the SRTM DEM as the terrain 
input and the simulated water surface elevations compared with Envisat altimetry. 
Development and application of flow routing and inundation models in data sparse 
regions of the world is mostly confined to very large continental river basins such as the 
Amazon (da Paz et al., 2011), Congo (Jung et al., 2010), Niger (Neal et al., 2012a) and 
Ob (Biancamaria et al., 2009). The abovementioned studies are primarily engaged in 
simulating seasonal or annual cycles of river discharge and water level or even water 
budget and flooding pattern of large wetlands of the Niger River (Zahera et al., 2011) 
and the Nile Basin (Petersen and Fohrer, 2010). A number of novel attempts were 
reported to deal with the low resolution of the freely available DEMs that were used in 
these investigations. Paiva et al. (2011) developed a GIS-based algorithm that includes 
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extraction of river cross-sections, delineation of river networks and catchments from the 
SRTM DEM and used geomorphic principles to estimate the river width and depth. 
Yamazaki et al. (2012b) proposed a pit removal strategy to reduce the anomalies in the 
SRTM data arising from vegetation canopy and sub-pixel structure and reported an 
improvement in the simulated water surface elevation. However, its DEMs needed to be 
adjusted in terms of agreement with the observed records. Neal et al. (2012a) 
demonstrated how a subgrid scale representation of a channelised portion of the flow 
can help to simulate streamflow in narrow channels that cannot be captured in the low 
resolution global DEMs. However, the authors of this research stated that model still 
needs measurements of channel depth and width to derive the empirical relationship for 
estimating channel-bed elevation from bank elevation and channel width.  
Few studies have been recorded which take the SRTM in to account as a means of 
extracting River cross sections as an alternative when other sources are unfeasible to 
use such as (Woldemichael et al., 2010, Patro et al., 2009). 
Virtual Globes, such as Google Earth (GE) are popular providers of desktop-based 3D 
virtual environments. Virtual environments are defined as a visualisation of part of the 
whole world based on a virtual globe technology. The development of the virtual globes 
of today’s providers builds upon a history of visionaries and early technologies, most of 
which no longer exist. 3D virtual environments often consist of a digital elevation model 
and high-resolution imagery. Based on virtual globe technology a global reference 
system is provided making them suitable for the visualisation of transnational as well as 
local geodata sets. 
GE also has DEMs imbedded within it as it is one of GE’s competitive features. Those 
DEMs have been used in several studies with different applications. They were also used 
within the hydrologic sector to generate topographic data to map catchments and 
watersheds (Rusli; et al., 2012, McInnes et al., 2011). However, the source of its digital 
elevation models (DEMs) and nor its resolution are known. Others state that Google 
Earth uses digital elevation model (DEM) data collected by NASA's Shuttle Radar 
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Topography Mission (SRTM) enabling 3D view of the whole earth, but the authors of this 
study could not find a concrete reference for such a statement. In fact, some studies tried 
to investigate Google Earth’s DEM resolution and justify the usage of the extracted data 
from it by doing a compression analysis between it and other well-known DEM data sets 
(Hoffmann et al., 2010). Others went further and preferred to ask Google Help about this 
issue, but the response was negative. 
The Google Earth Blog reported in an article titled ‘Google Earth More Realistic with 
Better Terrain’ published in June 6th 2007 that an update with high resolution 3D terrain 
(DEM) has been released by Google Earth with 10m world-wide resolution. An 
investigation carried out by the authors led to the discovery that this update was released 
on 2nd of June 2007. That version covers only the following parts of the earth: parts of 
Greenland and Antarctica – some parts of Canada (area around Toronto), Catalonia in 
Spain, the State of Alabama, St. Paul, Minnesota, Puerto Rico, Iran, New Zealand and 
parts of Russia. 
In this study, it has been decided to investigate whether there is a possibility to generate 
reliable river cross sections at the Tigris to form a river profile. That could be another 
challenge for GE to face as until now this can be done either by using high-resolution 
Lidar data sets (no such data over the study region) or laser dataset (very expansive with 
health and safety limitations). Using GE DEMs to the traditional or those unfeasible 
methods.  
GE is a promising alternative to provide good DEMs. There is a good potential for it be 
utilised to get more details, at least for floodplain cross sections that cannot be provided 
by the echo sounder data (observed). GE also presents a great opportunity to walk 
through the whole river to appoint critical locations, e.g. river bends, dams, bridges, etc., 
“on the fly”. Dragging a path in a desired location, e.g. across a river within GE, that gives 
an elevation profile. To extract, digitalise and analyse the resulted elevation profile, a 
GPS location, altitude and time route editor is utilised. This method is used in the present 
study to provide the required Tigris river profile with reasonable accuracy. 
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2.7 Chapter Conclusion & Research Questions 
Efficient water resources management helps to develop a more sustainable 
environment. Typical water balance studies for a basin in general include determination 
of the inflows or sources (rainfall and incoming streamflow) and outflows or sinks 
(evapotranspiration, diversion, and river discharge). Only a few studies around the world 
have considered evapotranspiration as one of the major sources of water losses in rivers, 
and to the best of our knowledge, there is no existing study that considers the impact of 
the climate change when assessing evapotranspiration in the Tigris River watershed in 
Iraq. However, there are numerous studies comparing the performance of ET models 
against either observations or other reputable ET model(s). Other studies have 
conducted comparison analysis studies in some locations within Iraq. However, in all of 
these studies, it was not clear how the models were selected. The methodologies 
followed were either complex or ambiguous; also, no published studies have examined 
the spatial variability of ET models across the entire Tigris watershed, a state with a great 
northwest to southeast gradient in temperature and precipitation. 
The strengths and weaknesses of downscaling methods are discussed widely in the 
literature for temperature and precipitation as climate change indicators for different 
regions and seasons. Temperature is often used as a variable for example to assess 
and predict evapotranspiration. However, little attention is given to the choice of 
downscaling method when examining other climatic variables, e.g. Evapotranspiration, 
directly. Similarly, little has been done to assess the impacts of these variables on 
hydrological systems. 
An adequate river profile representation with an accurate description of the model 
parameters is required to predict the flow magnitude and water levels along the reach 
accurately. These are essential requirements for the successful implementation of water 
quantities management plans and assessments. Tools are developed to extract spatial 
features which are useful for hydraulic models utilising different approaches. However, 
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obtaining detailed topographical data for a river basin is often difficult task as the process 
involves an expensive and time consuming survey campaign (ground or airborne) and 
painstaking post-processing of the survey data, and this is especially the case for 
developing countries. Many studies have dealt with topographical data scarcity in river 
modelling. Most of them rely on the integration of GIS with digital elevation models (DEM) 
obtained from remote sensing satellites or other globally available data sets. One of the 
aims for this study is to investigate the suitability of data which can be extracted from 
free sources that provide the required river cross section profiles along with other 
beneficial details such as hydraulic structures, algae/plants, island locations and other 
characteristics along the river. With the obtained river cross-section data, flood 
simulation and analysis was carried out on large parts of the Tigris River, Iraq, using the 
ISIS-1D modelling software package. 
Based on all above, the following questions are raised: 
1. Which one of the well-known ET models best represents the evapotranspiration rates 
for rivers located in arid and semi-arid catchments with severe lack of data? 
(Addressed in chapter 2 & 5). 
2. Is it possible to study the past, present and future ET trends for rivers located in arid 
and semi-arid catchments with severe lack of data? (Addressed in chapter 2 & 5). 
3. Do the available weather simulation and forecast models such as SDSM have the 
ability to predict future ET trends for rivers located in arid and semi-arid catchments 
with severe lack of data? (Addressed in chapter 2 & 5). 
4. Is Google Earth capable of generating accurate river cross sections in areas with 
severe lack of data? (Addressed in chapter 2 & 6). 
5. Is ISIS-1D able to provide accurate river losses estimation for long rivers? 
(Addressed in chapter 6). 
6. Are any of the available water balance models capable of adequately highlighting 
water losses for rivers located in arid and semi-arid catchments with severe lack of 
data? (Addressed in chapter 2 & 7). 
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Chapter Three: Area of Study and Data Availability 
The main aim of this chapter is to describe the available data used to study the 
water quantity of the Tigris river in Iraq accurately. This chapter also identifies the 
difficulties experienced when the data were collected, and suggests some strategies to 
overcome these difficulties. The following sections describe the Tigris River catchment 
and provide a brief background of the physical aspects of the catchment, for example, 
geography, climate, hydrology, topography, and area of utilisation/spread. The data is 
needed to develop an overview of the hydrological processes in the catchment in order 
to conceptualise how the system (river network) should be modelled in sufficient detail 
to meet the requirements specified in the research objectives. Thus, the following points 
are taken into consideration: (1) the spatial and temporal detail required for the model(s), 
(2) the system dynamics, (3) boundary conditions, and (4) how the employed model(s) 
parameters can be determined from the available data. 
3.1 Location, Topography and Climate 
This study considers the part of the Tigris that is formed downstream of the Mosul 
Dam all the way to Basra in Iraq (Figure 3.1 and appendix 2). The river in that region 
flows through in hilly countryside with villages and cities up to 350m above the sea level 
close to Mosul. This area forms the upstream section of the area of interest to this study. 
There are four main tributaries draining into the Tigris, as shown in Figure 3.2, Greater 
Zab, which originates in Turkey and it is considered as the largest tributary supplying the 
Tigris River.  Little Zab originates in Iran, not far from the Iraqi border. Further down the 
main Tigris reach, the Adhaim is an intermittent stream located entirely inside Iraq. North 
of Baghdad, a barrage diverts water from the Tigris to the Euphrates via the Tharthar 
Canal. Downstream of Baghdad, the Tigris flows through a flat landscape for 343 km, 
where it receives water from the shared Iranian-Iraqi Diyala River and several valleys 
before forming the Shatt al Arab at the confluence with the Euphrates near the city of 
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Qurnah (BGR, 2013). The Tigris River basin has in total about 371,000 km2 shared 
between Turkey, Syria, Iraq and Iran, the basin riparian countries. Iraq makes up the 
second largest area after Iran by about 38% from the total basin area (Partow, 2001). 
 
Figure 3.1: (and appendix 2) The entire Tigris-Euphrates Rivers Basin is highlighted by white line. The 
map shows the mean annual precipitation distribution for the Tigris River Basin only as well as this 
research’s case study area which is highlighted in yellow. Source: (BGR, 2013) and edited by the author. 
The water losses of the selected part of the basin pose a serious threat to the livelihood 
of the citizens living in that region. Topographically, the Tigris basin in the upstream 
region is characterised by the mountains of Mosul and their intervening valleys, and low-
lying coastal plains further downstream before it flows into the Persian Gulf. The following 
table shows the names of the most important multi-purpose stations located along the 
river as well as their locations and their elevations above the sea level: 
Table 1.3 : Main Gauging Stations Locations and Elevations above the Sea in Iraq. 
No. Station Region Location Elevation above the sea 
1 Mosul North 36 34 00° N, 43 13 00° E 223m 
2 Baghdad Middle 33 32 50° N, 44 42 20° E 34m 
3 Basra South 30 50 00° N, 47 81 67° E 5m 
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The climate in the Tigris Basin ranges from semi-humid in the headwaters of the north, 
to semi-arid close to the confluence with the Euphrates in southern Iraq. Mean annual 
basin precipitation is estimated to be approximately 335 mm (New et al., 2002). However, 
values of 800 and 150 mm have been registered in the upper and lower parts respectively 
(Kibaroğlu, 2007). There is a noticeable shift from a more humid climate to an 
increasingly hot and dry climate from north to south. Mean precipitation in the basin 
mostly occurs between November and April, with snowfall in the mountains from January 
to March. Given the semi-arid to arid climate in the lowlands of Iraq, evapotranspiration 
causes considerable water loss in the Mesopotamian region. Air temperatures in the 
Tigris Basin range from 2°C in winter in Mosul's Highlands to 52°C in summer in Basra 
(New et al., 2002). 
 
Figure .3.2 : Sketch of Tigris River System showing the main tributaries. Developed by the author. 
3.2 Available Data for Tigris River 
The following sections highlight the main sources of data that were used for this 
research. The validity of the data sources along with sources of uncertainty are also 
discussed. 
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3.2.1 Terrain Surface Representation using DEMs 
Digital Elevation Models (DEMs) from different sources were identified for use in 
this study. It is important to select the best terrain surface representation of the studied 
area. The DEMs are used to identify the catchment boundary delineation and the 
drainage network, and therefore have significant influence on the assessment of the 
watershed’s hydrological characteristics. DEMs as a topographical data are normally 
used to obtain necessary information pertaining to the elevations of points of interest, 
flow convergence and divergence, which are some of the important factors that influence 
the runoff velocity, surface roughness, and slope angle and length. 
DEMs are normally derived from remote sensing technology, spot levels and/or contour 
maps. DEMs have been used in previous studies to substitute measured data and have 
been used to assess hydraulic and metrological characteristics in many parts of the world 
where there is a lack of necessary data (Sulebak, 2000). There is a lack of surface 
elevation data for the Tigris catchment, so it was decided to investigate several sources 
of DEMs to assess their viability and feasibility in terms of getting better terrain features. 
The Shuttle Radar Topography Mission (SRTM) digital elevation data, namely SRTM 
90m Digital Elevation Database v4.1, was downloaded from the Consultative Group for 
International Agricultural Research (CGIAR) website on Oct. 2012, and The Advanced 
Space-borne Thermal Emission and Reflection Radiometer (ASTER) Global Digital 
Elevation Model (GDEM) Version 2.1 arc-second (30m) was downloaded from the USGS 
Earth Explorer website. Both data sets are supplied by NASA and were obtained for use 
in the present research study. 
Google Earth was also considered as a source of terrain data. Results of preliminary 
tests were encouraging and suggested that it could be a viable alternative data source 
when there is a need to study rivers located in developing countries where there is a 
severe lack of information. 
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3.2.2 Observed Meteorological Data 
A set of observed (climatic and meteorological) data which spans from 1959 to 
1970 was obtained for this research. This data set has missing data values for the period 
from May-1966 until January-1969. This data set includes maximum and minimum 
temperature and relative humidity, surface wind speed and direction, atmospheric 
pressure, sunshine durations, precipitation, dew point, vapour pressure, soil 
temperatures for several locations in Iraq including Mosul, Baghdad and Basra. All of 
these data can be used as a cornerstone to provide reasonable estimates for the spatial 
and temporal distribution of the evapotranspiration within the basin. This data set also 
includes Pan Class A evaporation measurements for the period 1966 to the end of 1970, 
which was used to understand the evapotranspiration trends in this catchment. 
The data set described above was provided early in the research program by the Ministry 
of Water Resources, Iraq. It was implemented by the Climatological Department in the 
Directorate General of Civil Aviation, Ministry of Communications, Baghdad. 
As mentioned above, the obtained set of data has several gaps. Furthermore, the rest of 
the set is poorly documented, badly typed, poorly laid out and sometimes not even 
readable (Figure 3.3). 
 
Figure 3.3: A sample of the data set available (1969-80), including a map representing Iraq and a list of 
surface wind speed measurements for some stations located in Tigris Basin. 
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The data was rearranged and digitalised during the research. Additionally, another data 
set was provided for this research by the Iraqi Ministry of Water Resources and the Iraqi 
Environmental Ministry. The new data set includes all the material necessary to develop 
a considerable comparison of evapotranspiration models and to implement trend 
analysis based on relatively comprehensive historical data. The new data set, which 
extends from 1970 to 2005, including some missing values caused by the Gulf War in 
1991 and the most recent war in 2003, was based on monthly averages for most of the 
standard metrological variables. These data are well maintained, organised, and 
digitalised. The data sets discussed above were considered to be sufficient for model 
calibration and validation purposes. This section reviews the changes of the main 
meteorological variables used to develop ET models during the study period from 1970 
until 2000. In particular, Maximum and minimum temperature, relative humidity, wind 
speed solar radiation, alongside with the observed ET data using Pan class (A) and 
precipitation are reviewed. It should be noted that, these variables are observations 
obtained from three gauging stations (Mosul, Baghdad and Basra) along the examined 
Tigris reach, provided by the Iraqi water resources ministry to fulfil this study’s 
requirements as mentioned in chapter one and three. The purpose of establishing this 
section is to understand the spatial and temporal distribution of the meteorological 
variables and how do they (if at all) affect the ET sensitivity over the Tigris. 
3.2.2.1 Average Annual Temperatures: 
 
Figure 3.4: Average annual temperature recorded over The Tigris in Iraq 
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Figure 3.4 represents the annual averages of the temperature data sets calculated from 
other monthly average data sets obtained from gauging stations along the Tigris. From 
data distribution over the study period, Basra takes the lead because of its location in 
the south of Iraq, which well known of its worm climate. The mean temperatures average 
over the study period recorded about 26 °C and it increased about 6% over the period of 
study. The hottest season (August – 2000) recorded 48.9 °C. The mean monthly 
maximum temperature has recoded 32.2 °C. The mean temperature in Baghdad, the 
middle region recorded relatively lower mean temperature over the period of study, it 
was about 22.3 and increased by 1.5%. The northern region (Mosul gauging station) 
recorded the lowest mean average temperature over the time, and that could be because 
naturally because its location in the north. It should be noted that, the mean temperature 
changing rare for the northern region remain relatively constant over the time. 
3.2.2.2 Relative Humidity: 
 
Figure 3.6: Average annual relative humidity recorded over The Tigris in Iraq 
Figure 3.5 represents the annual averages of the relative humidity data sets calculated 
from monthly average data sets obtained from gauging stations along the Tigris. From 
data distribution over the study period, Basra once again recorded relatively higher 
relative humidity, that could be probably because of its location closer to the Persian gulf 
as well as the agricultural density and the wide marsh areas in this region. 
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The mean relative humidity recorded about 55% and it increased about 1% over the 
period of study. 100% relative humidity value was recorded several times, epically during 
wet season (e.g. February – 1991 and December 1999) The mean relative humidity in 
Baghdad, the middle region recorded relatively lower, compare it to the southern region, 
over the period of study, it was about 48%. The northern region (Mosul gauging station) 
recorded the lowest mean average relative humidity over the time, and that could be 
because naturally because its location in the north. It should be noted that, the mean 
relative humidity changing rare for the northern region remain relatively constant over 
the time. 
3.2.2.3 Wind Speed: 
 
Figure 3.6: Average annual wind speed recorded over The Tigris in Iraq 
Figure 3.6 represents the annual averages of the wind speed data sets calculated from 
monthly average data sets obtained from gauging stations along the Tigris. From data 
distribution over the study period, Basra now recorded the lowest wind speed rare in 
comparison to the other regions. The northern region is dominating now. It could 
probable because of it longitude/latitude and also could be because of the height above 
the sea (Mosul City – 260m in comparison to Basra City – 5m). 
The mean wind speed recorded about 3.5 m/sec and it increased about 7.1% over the 
period of study. The mean wind speed in Baghdad, the middle region record was lower, 
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compare it to the northern region, it was about 2.8 m/sec. The southern region (Basra 
gauging station) recorded the lowest mean average wind speed over the time (1.6m/sec). 
3.2.2.4 Solar Radiation: 
 
Figure 3.7: Average annual incoming solar radiation recorded over The Tigris in Iraq 
Figure 3.4 represents the annual averages of the incoming solar radiation data sets 
calculated from monthly average data sets obtained from gauging stations along the 
Tigris. From data distribution over the study period, Mosul now recorded the lowest in 
comparison to the other regions. The mean solar radiation recorded about 512 mW/cm2 
and it decreased about 17.1% over the period of study. 
3.2.2.5 Atmospheric Pressure: 
 
Figure 3.8: Average annual atmospheric pressure recorded over The Tigris in Iraq 
Figure 3.8 represents the annual averages of the atmospheric pressure data sets 
calculated from monthly average data sets obtained from gauging stations along the 
Tigris. From data distribution over the study period, Mosul recorded the highest in 
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comparison to the other regions. It could probable, once again because of it 
longitude/latitude and also could be because of the height above the. The southern 
region is dominating now. The mean solar radiation recorded about 1013.8 mb and it 
increased about 8.3% over the period of study. 
3.2.3 Observed Tigris River Flow and Water Level Data 
River discharge and water level measurements are needed as boundary 
conditions to run the hydraulic model. Considerable water level records have been 
provided by the Ministry of Water Resources in Iraq (MoWR) for different locations along 
the Tigris, most importantly the very downstream ones, as they play a multi-faceted role 
because they are used to run the hydraulic model as another prerequisite element, for 
calibration and validation purposes, and also to measure the total river losses. 
Historical water flow records were obtained from Saleh’s report (2010) as it provides a 
useful summary of stream-flow characteristics for all long-term stream-flow gauging 
stations in Iraq including stream-gauging stations at different locations along the Tigris 
River. It details each stream-flow gauging station as well as providing maximum, 
minimum, and mean discharge records. Historical records were found in this report from 
the 1930s to 2005. However, the discharge records in this report based on monthly 
averages and involve large sections of missing data. 
3.2.4 Observed River Cross-Section Data 
A successful river study requires an understanding of river profile features. 
Achieving that depends on how much data, and how many tools, are available. In 
particular it is vitally important to produce a high quality a group of cross sections for the 
interesting features of the river. Getting hold of a good number of field-measured cross 
sections at critical points along the river gives a better chance of obtaining accurate 
discharge values and examining other features such as meanders, riffles as well as 
wetted parameter, hydraulic radius, river slope, etc. Field cross section measurement 
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data sets from nine locations along the Tigris have been provided exclusively by the Iraqi 
ministry of Water Resources for use in this study. The locations of these cross sections 
respectively are listed in the table below: 
Table 3.2: Main Cities along Tigris River. Their locations and elevations above the see level 
No. Name Location Level above the Sea level 
1 Mosul 36º36’18.58”N 42º48’59.26”E 255m 
2 Al-Sherqat 35º31’56.39”N 43º14’25.51”E 145m 
3 Bijee 34º55’56.36”N 43º31’02.11”E 101m 
4 Tekreet 34º34’44.54”N 43º42’42.09”E 76m 
5 Sameera’a 34º09’09.43”N 43º52’19.98”E 52m 
6 North of Baghdad 33º31’07.96”N 44º18’22.14”E 30m 
7 Sweerah 32º57’29.82”N 44º44’12.82”E 25m 
8 Nomaniah 32º34’37.09”N 45º24’54. 67”E 19m 
9 Kut 32º31’42.82”N 45º51’06.35”E 16m 
 
These nine cross sections have been surveyed using the SonTec RiverSurveyor System. 
Details of three additional cross sections have been obtained from a previous study 
published by Al-Hafith (2012) to investigate the hydraulic characteristics of Tigris River 
at Mosul city. Cross section surveys were carried out using the Echo Sounder–Depth 
Meter. These cross sections are named in this section in the same way they were named 
in the previous study, S39, S46, S49, S63 and S64 and illustrated in Chapter 6. In total, 
observations for 14 river cross sections were available. This is not enough to build the 
profile for a large river profile with many changes such as the Tigris, which is well known 
to incorporate many meanders and changes in slopes over slow discharges: in turn, this 
can affect the river flow velocity and discharge estimations. Most of the obtained river 
cross sections are without any details about the river floodplains whatsoever. However, 
they are still useful when for evaluating the river profile used in this research. 
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3.2.5 Historical Reanalysed Data 
Because of the severe lack of the metrological data available to this study, it was 
decided to utilise the "NCEP/NCAR Global Reanalysis Products, 1948-continuing”, 
namely (NCAR_DS090.0) after evaluating its suitability by conducting a 
comparison/correlation analysis against local observed data sets. 
The outcomes consist of over 80 different variables including geopotential height, 
temperature, relative humidity, U and V wind components, and also evapotranspiration, 
etc. in several different coordinate systems, such as 17 pressure level stacks on 2.5x2.5 
degree grids, 28 sigma level stacks on 192x94 Gaussian grids, and 11 isentropic level 
stacks on 2.5x2.5 degree grid. The data are available at 6 hour intervals with T62 
(209km) resolution. The NCEP_DS090.0 is archived and made freely available to access 
in CISL Research Data Archive website which is managed by NCAR’s Data Support 
Section. Different file formats have been used to store such data sets (i.e. WMO GRIB 
and IEEE) which are makes data processing more complicated. 
3.2.6 Hydrological Predictors 
The statistical downscaling technique of the pattern scaling method was used to 
investigate whether the Tigris river basin will suffer from extreme events such as floods 
or droughts during the next 100 years. Such events would have a direct impact on the 
sustainability of the river basin. The Global Circulation Models (GCM) of HadCM3 were 
used in this study under the A2 and B2 IPCC emission scenarios to develop the 
necessary future atmospheric variables including Evapotranspiration. Researchers 
normally consider only temperature and/or precipitation scenarios for up to 2100 in the 
Tigris River basin by downscaling into the finest grid possible. The predictor variables 
are supplied on a grid basis, so that after selecting the location of the required sites on 
the grids, the data file is made available. Further details are discussed in chapter 4, 
section 4.3.3. 
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3.3 Data Management 
As same as the case for many catchments located in developing countries, the 
investigated catchment in this study has major quality problems. Price et al. (1994) have 
summarised some potential significant data challenges for catchments in developing 
countries. Most of them are similar to the challenges faced in this research study.  
The study area is data-poor and the majority of the available spatial information has been 
derived from satellite surveys in recent years, and is stored in relatively inaccessible 
places because of the political situation in Iraq. Other older hardcopy maps owned by 
the government were however available as well as other remotely sensed data. 
Furthermore, substantial data records, books, and general literature were destroyed in 
wars (Iraq/Iran 1980-88, the Gulf 1990 and “Iraq Liberation” until 2003). The social and 
economic structures of the country restrict accessibility of the data including geo-
referenced information. A field visit to Iraq now is almost impossible. 
To achieve the project objectives, the author has relied on some mediators for data 
gathering which has caused additional significant drawbacks and difficulties as some of 
them were not specialists. Other challenges result from communication difficulties and 
include documents written only in the Arabic language, bad/non-existent infrastructure, 
limited working hours in Iraq and limited hours of electricity supply together with 
difficulties dealing with bureaucratic systems. It must be noted that a huge amount of the 
data obtained for the present study were not digitalised. The data collected were mainly 
analogue (geological and contour maps) and in the form of hardcopy raw data such as 
rainfall records. Noteworthy is the fact that the available georeferenced and hydrologic 
data acquired from specific individual sources were not considered fully reliable. 
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 Methodology 
In this chapter, a logical framework is presented to highlight all the steps followed 
to model the Tigris River and its water losses patterns according to climate changes 
impacts and different entry discharges along the river system. The suggested framework 
is designed to overcome limitations (e.g. severe lack of necessary information and data) 
that were discussed in previous chapters, and which can be a hinder in achieving the 
main research aims. Detailed description of the utilised statistical downscaling model 
(SDSM) and hydraulic model (ISIS - 1D) in terms of basic calculations and development 
of models for the Tigris river network are presented as the main approach to 
understanding the nature of water losses within the river. The study was implemented 
by the following procedure (imbedded in Figure 4-1), in which four main phases were 
outlined, namely: 
a) Preparation of the necessary data, b) choosing the appropriate ET model, c) develop 
the river profile and d) application of the hydrodynamic model. 
 
Figure 4-1: The general procedure to study the water losses of Tigris River. 
First, observations including meteorological data, hydrological data, and river cross 
sections and topographical benchmarks were obtained and corrected in order to 
producing a large volume of accurate data. The observed meteorological data were used 
to estimate the climate change impacts on the water availability. In addition, it gives an 
opportunity to investigate the trend (weather increasing or decreasing) of those 
meteorological data individually. Hydrological data, including river flow and water level 
data were employed to estimate the inputs and outputs of the Tigris system. The potential 
of getting a set of reanalysed evapotranspiration data (1948 – continued) provided by 
NCEP/NCAR employed to reconstruct the original data is investigated. HadCM3A2a and 
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HadCM3B2a variables were employed to predict the Evapotranspiration trends for the 
next 100 years based on different climate change scenarios. The statistical downscaling 
technique used those variables as predictors for that purpose. Topographical 
observations including river cross sections along the river were used for calibration and 
validation processes as well as to calculate other river characteristics. In this process, 
the hydraulic roughness coefficient (Manning’s n) was estimated and compared against 
published values for the same area. NASA Shuttle Radar Topography Mission Global 30 
arc second (SRTMGL3) raster set that covers the Tigris Basin was obtained in an aim to 
generate Tigris river profile. Some cross sections were generated by using the 3D 
analysis tool in ArcGIS. The potential of using Google Earth as a source of topographical 
points that can be used together to form cross sections for a river was tested in this 
study. The 3DRoutBuilder was employed as a tool to extract cross sections from Google 
Earth data sets. The hydrodynamic model ISIS – 1D was utilised as a flow/water levels 
simulator in both of the research phases (Data Preparation and Water Losses Pattern 
Modelling). The key result of this process was an ability to review water losses at any 
point along the Tigris River reach. 
4.1 Evapo[transpi]ration 
The meteorological variables (for example, maximum and minimum temperature, 
relative humidity, solar radiation, wind speed, etc.) are the parameter to quantify the 
impacts of the climate change over a basin.  
      
 
Figure 4.2: A procedure shows the stages that the meteorological data go through to prepare the 
ET data required for the water losses assessment. 
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In addition, these variables can be used to model other variables, e.g. 
evapotranspiration. Analysing different metrological variables as longer historical data 
sets can help to assess the sensitivity of the evapotranspiration due to changes in these 
variables. This in turn can help to analyse and model the evapotranspiration trends for 
the basin. 
The observed data sets source and their quality are discussed in Chapter 3. The 
meteorological data, were provided from different sources. A large amount of data was 
in the form of typewritten hardcopies, of which a considerable amount was difficult to 
decipher. A 10 year period’ worth of data (1960 – 1970) were successfully converted by 
the author to Excel sheets and made useable. The rest of the data employed in this 
research (1971 – 2010) were already digitalised. The need to digitise the first data group 
was because to implement ET and other variables trends analysis which in turn needs a 
huge amount of data sets. This is not achievable by using only the second group because 
the latter suffers from data discontinuity because of wars and other reasons. Several 
measuring stations along the Tigris River were considered, however it was decided that 
only the data that originated from the Iraqi main cities’ stations (Mosul/North, 
Baghdad/Middle, and Basra/South) would be used due to a higher quality and continuity. 
The evapotranspiration and precipitation data sets have been through the same process 
as the other metrological variables above. 
The meteorological variables can provide an aid to simulate evapotranspiration by 
incorporating them into theoretical models. There was a need to carry out such an 
approach because the obtained observations including the evaporation Pan Class (A) 
needed to be reconstructed. For that reason, five ET models were selected according to 
their complexity and compared against each other and against the available 
observations. The selected models are Shuttleworth and Wallace (S-W), Penman-
Monteith –FAO56, McNaughton and Black (Mc-B), Priestly and Taylor (P-T) and 
Hargreaves Evaporation Mass Transfer. Each of these models is discussed in chapter 
5. To the best of the author’s knowledge, there are only few studies available that 
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compare the performance of ET models. However, the selection according to the 
complexity approach can be considered a new one. Moreover, there is no such study 
conducted over any of the Iraqi Basins. 
The NCEP/NCAR Reanalysis dataset (1948–continuing) project is considered a valuable 
source of data for the research. It is a joint product from the National Centres for 
Environmental Prediction (NCEP) and the National Centre for Atmospheric Research 
(NCAR). This project is a continually updating gridded data set that represents the state 
of the Earth's atmosphere, incorporating observations and numerical weather prediction 
(NWP) model output from 1948 onward. It has over 80 different variables, (including 
geopotential height, temperature, relative humidity, U and V wind components, etc.) in 
several different coordinate systems, such as 17 pressure level stack on 2.5x2.5 degree 
grids, 28 sigma level stack on 192x94 Gaussian grids, and 11 isentropic level stack on 
2.5x2.5 degree grid. Its potential evaporation data set is employed within this research. 
This data source was used as it has previously been widely used in other research 
projects and is easily accessible. Secondly, NCEP/NCAR project provides metrological 
data sets in 6 hourly averages stored in GRIP file format. Hence, it can easily be 
converted into monthly, weekly or daily average bases as required. 
The PanoplyWin Data Viewer package which was found by NASA has been used to plot 
those 6 Hourly data sets on geo-gridded latitude-longitude, latitude-vertical, longitude-
vertical, and time-latitude arrays from larger multidimensional variables. MATLAB was 
used to open those GRIP files and implement the averages calculation. The resulted 
data sets were firstly on monthly averages bases for both of the evaporation and 
precipitation, and that was to assess the performance of the NCEP/NCAR products 
against the research observations. On the other hand, daily data sets were used as 
predictants and have been employed to achieve the other research objectives. 
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4.2 SDSM 
One of the well-recognised statistical downscaling tools which are applied widely 
in climate impact studies is Statistical Down-Scaling Model (SDSM). It is one of the major 
elements in this study and can help to reconstruct the missing data and improve their 
quality. 
SDSM is a (windows) based decision support tool for regional and local scale climate 
change impacts assessments. This model was widely utilised because it permits the 
spatial downscaling of daily precipitation and temperature. 
The SDSM model is founded on physical linkages between climate on the large scale 
and weather on local scale with ensembles of high resolution climate scenarios using 
multiple linear regression techniques. The regression component of the model enables 
the formulation of empirical relationships between local-scale weather parameters 
(predictands, e.g. precipitation) and daily atmospheric circulation patterns and moisture 
variables (predictors, e.g. relative humidity) at target sites (Wilby et al., 1997). The 
stochastic component of SDSM is used to inflate the variance of downscaled output to 
better agree with the observed daily data, and enables the generation of multiple 
simulations with slightly different time series attributes, but the same overall statistical 
properties (Diaz-Nieto et al., 2005). SDSM needs predictor variables provide daily 
information to produce predictand variables that describe conditions at the site scale. 
Because the ground observation data was only available on a monthly basis and SDSM 
only works at the first stages in daily bases, it was decided to rely on products from 
NCEP/NCAR Reanalysis Project (NNRP or R1) to substitute the monthly ground data. 
The resolution of the global Reanalysis Model is T62 (209 km) with 28 vertical sigma 
levels stores data at 6 hour intervals. The production has gone back to 1948 and going 
forward continuously. There are over 80 different variables, (including geopotential 
height, temperature, relative humidity, U and V wind components, etc.) in several 
different coordinate systems, such as 17 pressure level stack on 2.5x2.5 degree grids, 
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28 sigma level stack on 192x94 Gaussian grids, and 11 isentropic level stack on 2.5x2.5 
degree grid. Once the quality of the data is assured, the next critical step is the selection 
of large-scale predictor variables. The stereotypical approach to such studies is to use 
either temperature or precipitation, or both in some cases, as predictands alongside 
other variables e.g. mean sea level pressure, surface specific humidity, relative humidity 
etc. to perform as predictors. In this section, there is an effort to change this stereo type. 
Statistical relationships are established between indices of regional weather and locally 
observed ET (as predictand) data for the period from 1969 to 2000. Regional weather 
data (atmospheric and surface predictor variables) are obtained from the National Centre 
for Environmental Prediction (NCEP) and are processed to conform to the 2.5o latitude 
× 3.75o longitude grid of the Hadley Centre’s coupled ocean/atmosphere climate model 
HadCM3. The statistical relationships established are then used to downscale 
ensembles of the same local variables for the future climate, using data supplied by 
HadCM3. Analysis of future climate change is done based on three time slices: 2020s, 
2050s and 2080s, which correspond to the 30- year periods 2010-2039, 2040-2069 and 
2070-2099, respectively. These data include 3 sets: 
NCEP_1961-2001: This directory contains 41 years of daily observed predictor data, 
derived from the NCEP reanalyses, normalised over the complete 1961-1990 period. 
These data were interpolated to the same grid as HadCM3 (2.5 latitude x 3.75 longitude) 
before the normalisation was implemented. H3A2a_1961-2099: This directory contains 
139 years of daily GCM predictor data, derived from the HadCM3 A2(a) experiment, 
normalised over the 1961-1990 period. H3B2a_1961-2099: This directory contains 139 
years of daily GCM predictor data, derived from the HadCM3 B2(a) experiment, 
normalised over the 1961-1990 period. 
The downscaling process involves several tasks. Figure 4.3 represents the outline of the 
procedures for downscaling local climate scenarios using SDSM very well. The figure’s 
details are quoted from Wilby et al. (2002) and edited by the author to be more 
corresponding to the research case study and purposes. 
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Figure 4.3: Evapotranspiration prediction process using SDSM 
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4.3 River Profile and Hydraulic Characteristics 
A well-represented river profile including longitude and latitude, hydrodynamic 
slope along the river is an important element in assessing water losses from a river, 
especially when a severe lack of data is involved. A good longitudinal and latitudinal 
representation for points along the river will aid using the available water level data for 
different locations along the river to simulate the flow for these points whenever it is 
needed. The most significant limitation of this research is how to develop a river profile 
to model the Tigris along the area of study. A river profile is required to develop the 
hydraulic model. Data was available for only 14 observed cross sections (see 
explanation in chapter 6). All of these were obtained as images. To digitise those cross 
sections into data, the “WebPlotDigitilizer” was used. WebPlotDigitizer is a free online 
tool that helps to upload the image of a graph and extract the data. This work was carried 
out because these cross sections are the only data available to calibrate and validate 
the simulated river profile. 
According to the hydraulic model’s requirements, a cross section for each 1km distance 
along with an additional number of cross sections is required at points along the river 
with critical changes (e.g. bends, hydraulic structures, river steep, etc.). About 1250 river 
cross sections are needed to model the research case study. Using observations at this 
point would be impossible. A comparative analysis of three different approaches to 
extract river cross sections profiles was carried out using the 14 existing observed cross 
sections. Two of those approaches are widely used. However, the third one, to the best 
of the author’s knowledge, has not been used before. 
The first generated cross section set which was developed using SRTMGL3 DEMs 
SRTMGL3 is one of NASA’s LPDAAC (The Land Processes Distributed Active Archive 
Centre) collections. It is available to download from the website of Earth Explorer by 
USGS (U.S. Geological Survey) as tiles of 1°x1°. The interpolate line tool from 3D 
Analyst Toolbox in ArcGIS was utilised in this study to help determine contour, slope, 
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and/or elevation of points and lines in desired locations and digitalise them in the same 
time. The desired locations were identified in advance. The observed cross section 
locations of the Tigris River were identified by an earth browser as KML files. Then those 
KML files were converted into GIS layers. These layers are placed automatically on the 
final DEM raster to represent the cross sections locations. The manifested bits of the 
floodplain distance and river bank slopes on both channel sides of the observed river 
cross sections have been considered to interpolate some cross sections including the 
river bed along the river as another approach to develop river profiles. The required cross 
sections were then compared against the observed ones. 
Despite this, the source of the Google Earth DEM layer is still ambiguous; it has been 
employed to extract river cross section profile, as the preliminary tests were promising. 
In addition to the information that can be obtained immediately when the surveying is 
conducted along the basin, this could increase the potential of using this approach in 
such an application. The desired cross section locations are identified then as paths on 
the map. 
3DRoutBuilder was used as a GPS location, altitude and time route editor for high 
resolution control over paths directly in Google Earth. The 3DRoutBuilder adjusts altitude 
and location of one or more points in centimetre increments, Views include altitude 
profiles against distance, correct and smooth barometric drifts. Moreover, it can also 
extract altitude and location data to any other suitable formats, in addition to detailing the 
left and right river banks. All the hydraulic characteristics including manning numbers, 
hydraulic radius, wetted parameters, manning numbers, etc. for the observed cross 
sections as well as for the generated ones were calculated using WinXSPRO which is a 
Windows™ software package designed to analyse stream channel cross section data 
for geometric, hydraulic, and other sediment transport parameters. All of the above 
elements have been explained thoroughly in chapter 6. 
Figure 4. illustrates the procedure of river cross sections generation and comparison. 
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Figure 4.4: A procedure shows different river profile generation’s methodologies including their steps. 
The figure above shows that there are only two steps needed to get river cross section 
when using 3DRoutBuilder and Google Earth. That could be another merit for this 
methodology. 
4.4 Physically Based Hydrodynamic Model (ISIS – 1D) 
Estimating river losses from Arid/Semi-Arid river basins is the final aim of this 
study. Using a widely used commercial 1D hydraulic model can help to give accurate 
flow and water level simulation results. These simulations can be obtained using the 
boundary conditions including water discharge, river profile representation, etc. A 1D 
hydraulic model such as ISIS-1D helps to understand the hydraulic nature of the river 
network, and also to assess the potential impacts of climate change on the river 
discharge through utilising predicated evapotranspiration. 
ISIS is a hydrodynamic model used world-widely (Lin et al., 2006). It simulates flows and 
water levels in open channels and estuaries. It is able to model complex looped and 
branched networks, and also designed to provide a comprehensive range of methods 
for simulating floodplain flows. It works, as many hydraulic models (e.g. MIKE and HEC-
RAS), by solving the 1D continuity and St. Venant momentum equations for each cross 
section along the modelled river system and all time-steps (Graham, 2003).  
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The ISIS-1D utilises partial differential equations to solve the fundamental flow processes 
within the modelled channel (refer to chapter 2, the manual is freely available at 
www.isisuser.com). The ISIS – 1D steady state calculations were carried out for several 
reasons. First is to assess the developed model performance in general and also to 
assess its capacity to handle extreme events. Secondly and most importantly, filling the 
data gaps and re-constructing the available observations. ISIS – 1D has the ability to use 
water levels to simulate river flow and observe. 
At this stage in modelling process, some assumptions were made including the flow 
being steady along the developed river network and the water surface slope being less 
than 5%. The computational procedure is undertaken based on the solution of the 1D 
energy and momentum equations. At this stage, it was assumed that the hydraulic nature 
does not change rapidly along the river network. Therefore, the energy equation was 
applied instead of the momentum approach. In addition, due to the lack of the measured 
bathymetry along the downstream river network, the momentum approach which 
requires very well-defined bathymetry for the centroid of each cross-section could not be 
applied. 
The energy equation used in ISIS is the 1D St Venant equation to simulate open-channel 
flow. Horizontal exchange of discharge between channels and floodplains are assumed 
to be insignificant and the discharge is distributed according to the conveyance. The 
assumption is fulfilled in this study because the river network is large and therefore the 
discharge going beyond the banks during the flooding period (if there is any) is not 
significant (in a dry region such as Tigris Basin) compared to the total conveyed 
discharge. As for the flow data, it was very difficult to obtain good quality of data for the 
required period. For that reason, it has been decided to employ the “Stream Gage 
Descriptions and Streamflow Statistics for Sites in the Tigris River and Euphrates River 
Basins, Iraq” which has been prepared by Saleh (2010) and MoWR and published by 
USGS. This report contains statistical summaries of streamflow data for all long-term 
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streamflow-gaging stations in the Tigris River and Euphrates River Basins in Iraq as 
monthly averages. 
In ISIS, the cross-section is subdivided into different units with uniformly distributed 
velocity to calculate the conveyance over a single cross-section over the floodplain 
(Figure 4.). In this approach, the cross-section is subdivided due to different Manning’s 
n coefficients assigned to each subdivision. The conveyance is then summed to get the 
in-channel left and right overbank conveyance. 
 
Figure 4.5: ISIS conveyance subdivision method 
One of the important features of ISIS is that it is allowing the representation of the river 
floodplains in different ways; the easiest one is only extracting the channel cross 
sections. However, different roughness parameter values should be considered for the 
channel wetted parameter and the floodplain. Another way in which the floodplain can 
be represented is generating spill units at the top of the channel banks connecting the 
main channel to the floodplain, which can either be represented by a parallel channel or 
storage/reservoir units (Lin et al., 2006). This approach is a more accurate 
representation, but is more computationally demanding. Details and information are 
required as well about the roughness of the whole channel and the floodplain along the 
simulated river profile. The only way of getting such values is calculating the Manning 
number in different places along the modelled reach and then compare it to what is 
published in the literature. At the end, a set of rivers discharge and water level values 
related to time are requested to calibrate and validate the model. 
In order to carry out unsteady simulations, estimates of initial conditions (flow and stage) 
were created by steady state run at every model node. This is most often obtained by 
carrying out a steady state run first at a proposed start time. The unsteady solver in ISIS 
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uses the so‐called “box” finite difference operator. This operator is implicit, which means 
that long periods can be simulated as well while other processes such as regional flood 
events are curried out. Such operators enable the partial differential equations describing 
channel flow to be transformed into a set of linear algebraic equations connecting the 
flows and depths at discrete locations or nodes along the channel. ISIS uses a sparse 
matrix solver (numerical function helps to uniform and normalise random distribution of 
elements) to solve an ‘all‐system’ matrix that includes every inserted element, e.g. 
branched channel networks and objects such as boundaries and embankment spills. 
The step by step ISIS-Tigris model development is well explained in chapter 6 alongside 
with proper justifications for the elements which are used to build the model. 
Figure 4. illustrates the procedure of generation the required information using the 
physical – based hydrodynamic model as a preparation for the final water budget and 
water losses assessment. 
 
Figure 4.6 Procedure for developing the required information for the water budget/water losses 
assessment using a hydrodynamic model. 
4.5 Water Balance/Water Losses Assessment 
Although the reviewed water balance studies achieved some successes in terms 
of water losses assessments in particular regions, none of them can be applied directly 
in this study because of the critical situation of Tigris river basin. As an arid-semi arid 
basin the study area is mostly depending on upstream seasonal releases rather than on 
precipitation or snowing. According to observations investigations and analyses, the 
precipitation rate is only about 10% of the surface water. 
Despite the critical situation of the basin and the severe lack of necessary information, 
the main aim of this research is to provide as accurate water losses assessment as 
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possible by utilising reliable sources of data and avoid assumptions as much as possible. 
However, some prerequisite logical assumptions have to be made to maintain a 
reasonable water losses model. The change in ground water level over time is assumed 
to be zero in most of the previous studies. Evaporation and evapotranspiration have 
always been taken into account as the major water losses elements in the hydrological 
cycle; in this research they are assessed separately but counted as one unit called 
evapotranspiration. The runoff is a key element of the water budget. River profile 
modelling method has been developed to aid better quality of runoff simulations. Most of 
the current studies either ignored this issue or used unfeasible ones. In this research, 
there is a good chance to incorporate the population rate variations in the water balance 
model as one of the key elements. To the best of the author’s knowledge, the impact of 
the population rate variations on water balance have been overlooked in other research. 
That could be because most of the studies that have been conducted took into account 
only two consecutive flow gauge stations readings to calculate the water losses. 
In the case of this study, the terrestrial water budget model which is already reviewed in 
chapter 2 will be used; however, the reviewed model will be modified to be suitable to 
fulfil this research study’s requirements. The suggested model and procedure will be as 
follows (refer to figure 4.7): 
 𝑅 = 𝑅𝑒𝑙 − 𝑃𝑜𝑝 − 𝐸𝑇 + 𝑃 ∓  
𝜕𝑆
𝜕𝑡
 (4.1) 
where: 
𝑅: River Basin Discharge 
𝑅𝑒𝑙: Upstream Seasonal Releases 
𝑃𝑜𝑝: Population Water Consumption 
𝐸𝑇: Evapo[transpi]ration Rate 
𝑃: Precipitation 
𝜕𝑆
𝜕𝑡
: Ground Water Changes which equals to (Zero) in this case. 
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Figure 4.7: Procedure showing the hydrodynamic aiding to develop the water budget/water losses 
assessment 
4.6 Summary 
This chapter represents the theoretical framework of how to achieve the research 
objectives. It shows the importance of data modelling and investigations. It also 
summarises the types of data which are used and highlights its qualities and limitations. 
A historical data set provided by a gauging station to represent the climate and flow rate 
for each of the regions along the river, which will allow spatial patterns of water losses 
trends of magnitude and frequency to be assessed. Furthermore, ET/precipitation 
records are constructed for several different timescales. There were comprehensive 
justifications of why ISIS, for example, Google Earth and 3DRoutBuilder are considered 
as major pivots for this research and other tools. All the modelling tools, materials and 
computational equipment and resources which are used within this study were explained 
in detail. Moreover, in the following chapters, there will be further explanations about the 
elements which are used in this research which have not been covered in depth in these 
previous chapters. 
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 Evapo[transpi]ration 
Evapotranspiration (ET) is a term used to define the process of water surface 
evaporation and plant/soil transpiration from the Earth to atmosphere. It is one of the 
most important processes in the hydrological cycle because it is responsible for the 
atmosphere’s water vapour as well as ruling river discharge, irrigation demand and soil 
moisture contents. To the extent that, Evapotranspiration might be considered in some 
cases as the main source of water loss in areas which suffer from a lack of rainfall such 
as Tigris River basin. Accurate estimation of ET is therefore essential for water budgeting 
and planning. 
Climate change is causing a steady rise of temperature and changes in rainfall patterns 
as well as increases in ET rates which in turn affects the entire hydrological system. 
Thus, quantifying the changes in ET due to climate change is very important for the 
management of long-term water resources, especially in lands depending on agriculture 
as an important source of life alongside. It is essential to measure the possible changes 
in ET and probability of water losses due to climate change so as to provide better water 
resource management plans. 
Often, studies distinguish between two different aspects of evapotranspiration, potential 
and actual. Potential evapotranspiration or ETpot is the measurement of the atmosphere’s 
ability to remove water from the surface through evaporation and transpiration, assuming 
no control on water supply, whereas the actual evapotranspiration or ETact is the quantity 
of water that is actually removed from a surface due to evaporation and transpiration. 
The calculation of the ETpot dependents on the intensity of solar radiation, air 
temperature, humidity and wind speed. Only the humidity is negatively correlated with 
ETpot (i.e., the greater the amount of water vapour already in the atmosphere, the less 
that can evaporate), while the others are positively correlated. 
The calculation of ETpot from available meteorological data is seen to be a much simpler 
operation, and even works for night measurements, than the computation or 
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measurement of ETact from a vegetated surface, because ETact to be accurate the water 
transpiration through plant leaves is also included. However, water loss from a catchment 
area does not always proceed at the potential rate, since this is dependent on a 
continuous water supply. 
When vegetation is unable to abstract water from the soil, then the actual evaporation 
becomes less than potential evaporation. Thus, the relationship between ETact and ETpot 
depends upon the soil moisture content. Quantifying the actual evapotranspiration losses 
depending on the soil moisture content, from the author’s opinion, suits the research 
studied area because it represent a typical arid/semi-arid land, not fully covered by 
vegetation. Figure 5-1 represents Thornthwaite’s method which is used to calculate the 
ratio of the ETact to ETpot, (Ward, 1999). This figure shows how to estimate the ratio of 
the actual evapotranspiration to the potential evapotranspiration depending on the 
moisture availability and the catchment soil type:  
 
Figure 5-1: Thornthwaite relationship between soil type, moisture availability and the ratio between actual 
and potential evapotranspiration. The source: LEARNING HYDROLOGY, edited by the author. 
It should be noted that, the method of collecting the field ET data for this research is the 
Evaporating Pans. These pans are installed either in platforms built in the middle of the 
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river or nearby one of the river banks (as per the source of the information provided, 
Figure 5-2). In this case, the ETpot or the Evaporation (E) rate which comes from such 
approach could represent the ETact so far for the river. Alternatively, ETact can be derived 
from from ETpot which is obtained from the suitable evapotranspiration model multiplied 
by the ETact /ETpot (Figure 5-1). The results can be considered as the amount of the water 
lost from the area around the river (the remaining area of the catchment). 
The resulting ET out of this process, the summation would be the actual amount of the 
lost water from the river, as the river itself can easily be considered as the only source 
of water for this area of study because of its weather conditions and the sever lack of the 
rainfall. 
  
Figure 5-2: Evaporation Pans 
It is important to identify the type of the soil within the basin and the moisture contain. 
The Food and Agriculture Organization of United Nation has cited a study was conducted 
to show some of the physical properties for the soil for many part in Tigris basin. The 
study states that Tigris basin in general is dominantly coarse-textured soils mechanical 
composition of the various profiles ranged from 80-95% sand, 1.5-12.8% silt, and 2.7-
10.5% clay with average soil moisture between 25 – 35%. 
A set of monthly time series data starts from 1970 to 2000, including all the variables that 
can be utilised to model evapotranspiration as well as the evaporation values were 
digitalised and made ready for analysis as one of this research’s main objectives. 
The meteorological data provided was used to calculate potential evapotranspiration for 
the study period (1970 – 2000). The field’s pan evaporation values obtained are suffering 
severe missing values and discontinuity. However, they were enough for assessing the 
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evapotranspiration models performance and for calibrating purposes. Long term data set 
of evapotranspiration over the area of study was developed using the statistical 
downscaling model (SDSM) taking in the account different climate change scenarios. 
This type of analysis is important because any major shift in seasonal or spatial ETpot 
patterns could have negative consequences for the water availability and in turn for 
agricultural situation within the basin. 
In the following sections, there are few aspects are discussed as follows: 
1. Investigation of the impacts of the ETact on the River losses by analysing its 
historical trends by using available ET pan class (A) records. Those records were 
obtained from three locations alongside the river. There were used also to assess 
the performance of six widely used simple ETpot models, namely Penman-
Monteith -FAO 56, Shuttleworth & Wallace, Priestly Taylor, McNaughton and 
Black and direct evaporation mass transfer against ETpot Pan class A, in terms of 
identify which one of those models simulates the ET best ate that region. 
2. Investigate whether there is a possibility to substitute the numerous numbers of 
reanalysed variables by only the reanalysed NCAR ETpot data to fill the gaps of 
the missing data and to help to generate others for future ET projections (refer to 
Section 4.2). 
5.1 Evapotranspiration Models 
Many evapotranspiration numerical models have been developed during the last 
60 years. Each method has been developed for specific climatic setup. Some of these 
methods are basically the modified version of other methods. 
The major concern in estimating ET is the reliability and accuracy of the methods 
(Tukimat et al., 2012). There is a fact that these models cannot give accurate estimations 
each time when they are applied to in different locations. Nevertheless, there are few 
methods which are reliable over a broad climatic region. Reliability of these methods has 
been tested in different parts of the world including some parts of the Middle East (e.g. 
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Iran, Saudi Arabia, etc.) and they are found to estimate ET very close to field observation. 
The selection of the ET models in this study based on varying considerations. Some of 
those models are “parameter rich models”, e.g. Penman-Monteith – FAO56 and 
Shuttleworth and Wallace. Simple models e.g. Priestly Taylor, McNaughton - Black and 
Evaporation Mass Transfer were considered as well. The following subsections identify 
the selected ET models including their incorporated variables.  
5.1.1 Pan Class (A) 
Pan Class A: the source of the data advised that the field ET data obtained by 
using Evaporation Pans class (A) located in Mosul, Baghdad and Basra. These pans are 
also known as Sunken Colorado Pans. They are utilised to hold water during 
observations for the determination of the quantity of evaporation at the given locations. 
The used Sunken Colorado pans are normally circle, 1 m (3 ft) radios and 0.5 m (18 in) 
deep and made of unpainted galvanised iron (Subramanya, 1994). It is either surrounded 
by bigger pan and buried in the ground to within about 5 cm (2 in.) of its rim or installed 
directly to the water to avoid the metal over heat as appear in Figure 5-2. 
One of the most common and fairly reliable techniques for estimating ET is using 
evaporation pan data when adjustments are made for the pan environment (Singh, 
1989). The ratio of ET to Class A pan evaporation defines the pan coefficient, Kp, whose 
values range from 0.35 to 0.85. Kp is essentially a correction factor that depends on the 
prevailing upwind fetch distance, average daily wind speed, and relative humidity 
conditions associated with the sitting of the evaporation pan (Doorenbos et al., 1977). 
Reliable estimation of evapotranspiration (ET) using pan evaporation data depends on 
the accurate determination of pan coefficients (Kp). Pan coefficient (Kp), according to the 
type of the pan, average wind speed and the relative humidity is in this case is equal to 
0.85 as per the FAO paper 24, was considered in the calculation as we are here 
estimating potential evapotranspiration rates. 
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5.1.2 FAO56 – PM 
Penman-Monteith – FAO56 (FAO56 – PM): Penman (1948) combined the energy 
balance with the mass transfer and derived an equation to compute the evaporation from 
an open water surface in standard climatological records of sunshine, temperature, 
humidity and wind speed. 
 𝜆𝐸 =  
[∆(𝑅𝑛 − 𝐺)] + (𝛾𝜆𝐸𝑎)
(𝛥 +  𝜆)
 (5.1) 
where 
𝜆𝐸 = evaporative latent heat flux (MJ m-2 d-1), 
∆= slope of the saturated vapor pressure curve [eo/T, where eo = saturated vapor 
pressure (kPa) and Tmean = daily mean temperature (°C)]; 
Rn = net radiation flux (MJ m-2 d-1), 
G = sensible heat flux into the soil (MJ m-2 d-1), 
𝛾 = psychrometric constant (kPa °C-1), and 
Ea = vapor transport of flux (mm d-1). 
This so-called combination method was further developed by many researchers and 
extended to cropped surfaces by introducing resistance factors. “FAO56 – PM” name 
comes because the food and agriculture organisation of the united nations considers this 
models as a standard method to estimate ET and published it in FAO paper number 56, 
(Allen, 2000). 
 𝐸𝑇𝑜 =  
(0.408 ∗  Δ ∗ (Rn −  G) + (𝛾
900
𝑇 + 273) ∗ 𝑢2(es −  ea)
(Δ +  γ (1 +  0.34𝑢2)
 (5.2) 
where, 
ETo is the reference evapotranspiration (mm day−1);  
Δ is the slope vapor curve (kPa °C−1), 
Rn is the net radiation of the crop surface (MJm−2 day−1), 
G is the soil heat flux density (MJm−2 day−1), 
T is the air temperature at 2m height (°C), 
  Chapter Five: Evapo[transpi]ration 
97 
u2 is the wind speed at 2m height (m s−1), 
es is the saturation vapor (kPa), 
ea is the actual vapor pressure (kPa), and 
γ is the psychrometric constant (kPa °C−1). 
Zotarelli et al. (2010) from University of Florida well explained the historical development 
happened on (Penman, 1948) model and show step by step evapotranspiration 
calculation instructions. 
5.1.3 S – W 
Shuttleworth & Wallace (S – W): Shuttleworth et al. (1985) extended the Penman-
Monteith 1948 ET model to be able to evaluate ET from sparse vegetation environment 
by considering: (i) the transpiration from vegetation and (ii) the evaporation from 
substrate soil. The Penman-Monteith model treats the crop canopy as a single uniform 
cover, or ‘‘big-leaf’’, but neglects the evaporation from soil surface. Over a large basin, 
however, the big leaf assumption is rarely valid. There are often many vegetation types 
co-existent, and always some parts or periods where or when the vegetation is not 
‘‘closed’’. Both the soil surface and the vegetation leaves evaporate or transpire moisture 
to the atmosphere and their relative importance changes significantly, as the vegetation 
develops. The ideal approach is that applicable at all times and places and able to reflect 
the changes of surface conditions. The S–W model (equation 5-3) meets this criterion. It 
is highly complex with many parameters and demands a great deal of data on the 
meteorology and the land surface characteristics. 
 𝐸𝑇𝑠 =  
∆(𝑅𝑛 − 𝐺) +
[(24 ∗ 3600)𝜌𝑐𝑝(𝑒𝑠 − 𝑒𝑎) − ∆𝑟𝑎
𝑠(𝑅𝑛 − 𝑅𝑛
𝑠 )]
(𝑟𝑎
𝑎 + 𝑟𝑎
𝑠)
∆ +  𝛾[
1 + 𝑟𝑠
𝑠
(𝑟𝑎
𝑎 + 𝑟𝑎
𝑐)
]
 (5.3) 
where 
ETs evaporation from soil, 
ea actual vapour pressure, 
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Rn and 𝑅𝑛
𝑠  net radiations above canopy and to soil surface respectively,  
G soil heat flux,  
𝑟𝑎
𝑠 and 𝑟𝑎
𝑎 aerodynamic resistances from soil to canopy and from canopy to reference 
height respectively,  
𝑟𝑠
𝑠 soil surface resistance,  
es is the saturation vapour pressures (kPa),  
Δ is the slope of saturation vapour pressure curve (kPa ºC-1),  
q is the mean air density at constant pressure (kg m -3),  
cp is the specific heat of moist air at constant pressure (MJ kg-1 ºC-1),  
𝑟𝑎
𝑐 is the psychrometric constant. 
5.1.4 P – T 
Priestly and Taylor (PT): Priestley & Taylor (1972) found that the actual 
evaporation is 1.26 times greater than the potential evaporation and hence they replaced 
the aerodynamic terms with a constant value of 1.26. Consequently, Priestley- Taylor 
method needs only long-wave radiation and temperature to estimate ET. Priestley-Taylor 
equation for computing ET is given below: 
 𝐸𝑇 = 1.26 ∗ (
∆
∆ + 𝛾
)
(𝑅𝑛 − 𝐺)
𝜆
 (5.4) 
where, 
Δ is the slope vapor curve (kPa °C−1), 
γ is the psychometric constant (kPa °C−1),  
Rn is the net radiation of the crop surface (MJm−2 day−1), 
G is the soil heat flux density (MJm−2 day−1), and  
λ is the latent heat of vapor (MJ kg−1). 
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5.1.5 Mc - B 
McNaughton and Black (Mc-B): McNaughton and Black 1973, (Mc-B), adjusts the 
potential evaporation for the effects of the canopy that does not use a crop coefficient. It 
uses one or more resistances that attempt to model the ability of the plant to transport 
water from the soil and transpire. These resistances are a function of soil water 
availability, the depth of the root system, the maturity level of the plant and its condition 
(which implies antecedent conditions can play a role), and the existing atmospheric 
conditions. 
 𝐸𝑇 = 𝑐𝑝𝜌
𝐷
𝛾𝑟𝑠
 (5.5) 
 
where, 
cp is specific heat at constant pressure,  
ρ is air density, 
D is vapor pressure deficit, and  
rs is soil surface resistance. 
5.1.6 ETH 
Hargreaves Evaporation Mass Transfer (ETH): Hargreaves and Semani (1985) 
proposed several improvements for the Hargreaves (1968) model (H) for estimating 
grass-related reference evapotranspiration. The developed model is as follows: 
 𝐸𝑇 = 0.0023(𝑇𝑎𝑣𝑒. + 17.8) ∗ (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)
0.5 ∗ 𝑅𝑎 (5.6) 
where, 
ET is reference evapotranspiration (mm/d), 
Ra is terrestrial radiation and (MJ m-2 d-1), 
Tave. , Tmax and Tmin are respectively the average, maximum and minimum temperatures 
(°C). 
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Table 5.1 below shows the complexity of each ET model used in this study by highlighting 
how many variables incorporated in each model. 
Table 5.1: Comparison of the complexity of each model in terms of quantity of parameters required. 
Variable Variable Description S-W FAO56-PM Mc-B PT EMH 
T Temperatures (°C)      
𝐑𝐚 Terrestrial radiation and (MJ m-2 d-1)      
Δ Slope Vapor Curve (kPa °C−1)      
γ Latent heat of vapor (MJ kg−1)      
cp Specific heat at constant pressure      
ρ Air density      
D Vapor pressure deficit      
rcs Psychometric constant      
u2 wind speed at 2m height (m s−1)      
rca 
Aerodynamic resistances from soil to 
canopy 
     
rsa 
Aerodynamic resistances from 
canopy to soil 
     
rss Soil surface resistance      
 
It should be noted that, all of these variables needed and were not observed, either 
calculated from equations or extracted from tables well explained in Crop 
evapotranspiration - Guidelines for computing crop water requirements Produced by 
Natural Resources Management and Environment Department and published in FAO 
Corporate document repository, Annex 2. Meteorological tables. 
5.2 ET Models Comparison 
Many values of obtained observations from the data provider, especially the 
Evaporation Pan class (A) data sets are missing. This issue could be the main handicap 
of achieving the aim of this study for developing an accurate integrated water balance 
study for the Tigris. The five ET models (already discussed in the section above) utilised 
meteorological and weather data at Mosul, Baghdad and Basra stations to identify which 
of these models can fairly substitute the observations and reconstruct the available data 
sets. 
Preliminary calculations based on a monthly average observed meteorological data for 
the period from 1970 to 1980 were made. This period of time was chosen in particular 
because it provided the best data quality in a comparison to other periods. The results 
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were compared against ET observations for the same period. Figure 5-3 shows a visual 
comparison conducted to evaluate the performance of the selected models against the 
observations over the study area (Tigris northern, middle and southern regions). 
 
Figure 5-3: Comparison of mean monthly potential evapotranspiration based on Pan-A method and five 
empirical methods over the Tigris Basin – Northern, Middle, Southern regions. 
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The figure above shows a well corresponding to the results of all of the selected models 
against the observations. They performed very well in terms of forming the general 
seasonal ET production patterns. The evapotranspiration peaks during the summer 
months (in this studied region the summer starts normally from June and ends in 
September) and its minimum during the winter months as expected. 
It can be well noticed that the evapotranspiration ratings which are resulted from the 
numerical models during the winter months are quite corresponding to each other till 
reach to clear variations in the summer months. 
Although the southern region is well known by its dry and hot climate but it has recorded 
during the study period a harmonic and lower evapotranspiration rating relatively. The 
evapotranspiration rate went higher not even in the middle region which supposed to be 
the area between two different climates and give the average, but it was at the northern 
region which is supposed to be cooler relatively; and that conflicts with norm. In the other 
hand, all potential evapotranspiration models simulated ET and gave reasonably well 
performance against the measured evapotranspiration at the wet seasons. 
Most of the models tended to under predict evapotranspiration in the dry-hot seasons 
(May-end of September). The reason behind this could be because the ETp models were 
designed for well-watered soil conditions rather than natural summer-time Mediterranean 
drought conditions. 
Liner relationships (Figures 5.9, 5.10 and 5.11) show to which extent the selected models 
are corresponding the observations along Tigris. The results show that the most complex 
ET model (S-W) performed better among the other models against the observations 
when evaluate the ET in the northern region. 
S-W is followed by the second model in terms of the complexity (FAO56-PM). 
Surprisingly, the simplest model (ETH) comes third. However, all the models were 
slightly under-estimating the observations. 
By considering the middle region, all the models were considerably under estimating the 
ET observations. Nevertheless, it should be highlighted here that S-W, FAO56-PM and 
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ETH very competitive results among each other. This note is important and well analysed 
in later discussion. 
At the southern region, all the selected models were performing well generally. S-W here 
slightly was over predicting the observations, while ETH and FAO56-PM performed well 
against each other and against the observation. The ETH here was relatively better than 
anyone. 
The Nash-Sutcliffe efficiency (NSE) is applied in this study. It is a normalised statistic 
that determines the relative magnitude of the residual variance ("noise") compared to the 
measured data variance ("information") (Nash and Sutcliffe, 1970).  
NSE indicates how well the plot of observed versus simulated data fits the 1:1 line. 
Nash-Sutcliffe efficiencies range from -∞ to 1. Essentially, the closer to 1, the more 
accurate the model is. 
  
- NSE = 1, corresponds to a perfect match of modelled to the observed data.  
- NSE = 0, indicates that the model predictions are as accurate as the mean of the 
observed data, 
- -∞ < NSE < 0, indicates that the observed mean is better predictor than the model. 
Table 5.2: ET models efficiency calculated by NSE and R2 
Region 
Efficiency 
Coefficients   
ET Models 
S-W PM-FAO56 P-T Mc-B ETH 
Northern 
NES 0.86 0.84 0.39 0.43 0.79 
R2 0.57 0.32 0.15 0.17 0.94 
Middle 
NES 0.68 0.76 0.27 0.33 0.71 
R2 0.71 0.78 0.96 0.45 0.91 
Southern 
NES 0.85 0.67 0.49 0.52 0.92 
R2 0.49 0.18 0.7 0.87 0.94 
 
𝑁𝑆𝐸 =  1 − ( 𝑠𝑢𝑚( (𝑜𝑏𝑠 −  𝑠𝑖𝑚)^2 ) / 𝑠𝑢𝑚( (𝑜𝑏𝑠 −  𝑚𝑒𝑎𝑛(𝑜𝑏𝑠))^2 ) (5.7) 
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Figure 5-4: Performance of the selected ET models against ET observations over Tigris northern region. 
 
Figure 5-5: Performance of the selected ET models against ET observations over Tigris middle region 
 
Figure 5-6: Performance of the selected ET models against ET observations over Tigris southern region 
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All the potential ET models had the same trends comparing to the observed ET. 
However, the resulting low ET rates in winter seasons and high ET rates in the summer 
seasons as expected. In the northern and the middle regions, the ET models were under 
estimating the potential evapotranspiration in general. That was because those regions 
were windier and with low relative humidity relatively. The selected ET models performed 
well in the southern region (high relative humidity). The FAO56-PM model has performed 
well only for the southern region and only in terms of the unity with the observed data 
set. However, in terms of the diffusion, the ETH has performed well not only for southern 
region but even performed reasonably for the others. Despite the under estimating, S-
W, the model which meant to be the richest model among the selected models in terms 
of the parameter requirements has performed reasonably well in the upper regions. By 
considering the analysis above, ETH is suitable to be considered alongside with the 
Evaporation Pan Class A to calculate the actual losses from the river Tigris in the future. 
That is because S-W model is unfeasible for data sacristy reasons. In additional, the 
actual ET which comes from such model over such area is any way only about 0.2 of the 
calculated potential ET (refer to figure 5.1). Maximum and Minimum temperatures are 
that major variables which the ETH relays on and these variables are usually measured 
in basic weather and metrological collecting stations. 
5.3 Evapo[transpi]ration Losses Representation 
On the basis of ‘what happened in the past’, at least an idea can be obtained of 
what will happen in the future, predict the future of water removal from a river caused by 
ET requires the  implementation of a robust trend analysis uses a stock based on 
historical data. In this section, the aim is to exploit the trend analysis concept as a method 
of showing information in sequence over time over the study area of this research. This 
will also provide an opportunity to project the future direction to define the ET losses 
pattern. From the section above, estimating the actual river losses which are formed be 
the ET can be developed by considering the evaporation from the water surface + (the 
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actual evapotranspiration (which is about 0.2 of the modelled/potential 
evapotranspiration (refer to figure 5.1)). This relationship is illustrated as follows: 
 
The total actual water losses from the river by Evapo[transpi]ration = reconstructed Pan 
(A) + 0.2 x Modelled Evapotranspiration.  
The calculations show clear evidence in the differences in regional characteristics of 
evaporation. Those differences might be due to climate attributes diversity between the 
sub-basins, and also the variety of the topography as well as the longitudes and latitudes. 
The southern region which is hotter gives lower river losses rate in contrary to what is 
expected and to the upper regions that meant to be relatively cooler. As a result, the 
amount of the losses can be calculated (table 5.3). The Evapo[transpi]ration values were 
calculated from reconstructed observations for the period from 1969 – 2000 from Mosul, 
Baghdad and Basra and then applied to the whole Tigris River catchment by taking the 
total basin area. 
Table 5.3: Calculated maximum, minimum, and mean values for the Tigris water losses due to 
Evapo[transpi]ration. 
Region Maximum water losses 
m3/month 
Mean water losses 
m3/month 
Minimum water 
losses m3/month 
North 540,931,000 207,289,000 29,172,000 
Middle 471,512,000 171,591,000 16,592,000 
Southern 315,588,000 114,220,000 11,560,000 
The table above shows that Tigris lost a significant amount of water due to only 
Evapo[transpi]ration over the studied period. The average water losses per year 
calculated as the summation of the average losses per month from the three regions and 
multiplied by 12 (number of months/year), which could reach the threshold of 15 billion 
cubic meter per year. 
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5.4 Evapo[transpi]ration - Future Projections 
It has been decided to consider evapotranspiration to be the main element that 
produces evapotranspiration future predictions rather than consider other meteorological 
variables (i.e. traditionally - temperature).  
The statistical down scaling model (SDSM) version 5.1.1 is used in this study as a tool 
to identify the future climate change impact on the evapotranspiration and in turn the 
impact of the evapotranspiration on river losses. SDSM is used in this study because it 
facilitates the rapid development of multiple, low-cost, single-site scenarios of daily 
surface weather variables under current and future regional climate forcing. Additionally, 
the software performs ancillary tasks of predictor variable pre-screening, model 
calibration, basic diagnostic testing, statistical analyses and graphing of climate data. 
Firstly, a comparison analysis between observed monthly evapotranspiration data 
against the reanalysed NCAR ET data was conducted to evaluate the suitability of NCAR 
data sets as an alternative to the daily observations. This process was conducted by 
utilising Web-based Hydrograph Analysis Tool (WHAT). WHAT provides fast 
computations for R2 and Nash-Sutcliffe coefficients to calibrate/validate models, (see 
figures 5.7 and 5.8). Through that, daily statistical relationships are established between 
surface and upper atmospheric circulation NCAR ET data for the period from 1961 to 
1980 variables. 
 
Figure 5-7: Northern Region (Mosul) measured Evapo[transpi]ration – NCAR ET relationship. 
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Figure 5-8: Southern Region (Basra) measured Evapo[transpi]ration – NCAR ET relationship. 
At this stage, it was not possible to implement the Middle region’s measured 
Evapotranspiration – NCAR ET relationship because the obtained reanalysed data have 
huge data gaps. However, the evaluation of the northern and the southern regions 
reanalysed performance compared to the observation was enough to say that such type 
of data could be suitable when considering the whole the research circumstances. 
Although, the middle region suffers from a huge data missing values, SDSM still can 
bridge those gaps and solve the issue. Statistical downscaling now involves developing 
quantitative daily relationships between predictor and predictand. The predictor 
represents large-scale atmospheric variables as shown in Table 5.2 whereas the 
predictand represents local surface variables (in this case, ET). 
Table 5.2: Types of Predictor Variables 
No. Predictor variable Predictor description 
1.  mslpaf  mean sea level pressure 
2.  p5zhaf  500 hPa divergence 
3.  p_faf  surface air flow strength 
4.  p8_faf  850 hPa airflow strength 
5.  p_uaf  surface zonal velocity 
6.  p8_uaf  850 hPa zonal velocity 
7.  p_vaf  surface meridional velocity 
8.  p8_vaf  850 hPa meridional velocity 
9.  p_zaf  surface vorticity 
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No. Predictor variable Predictor description 
10.  p8_zaf  850 hPa vorticity 
11.  p_thaf  surface wind direction 
12.  p850af  850 hPa geopotential height 
13.  p_zhaf  Surface divergence 
14.  p8thaf  850 hPa wind direction 
15.  p5_faf  500 hPa airflow strength 
16.  p8zhaf  850 hPa divergence 
17.  p5_uaf  500 hPa zonal velocity 
18.  p500af  Relative humidity at 500 hPa 
19.  p5_vaf  500 hPa meridional velocity 
20.  p850af  Relative humidity at 850 hPa 
21.  p5_zaf 500 hPa vorticity  
22.  p500af  500 hPa geopotential height 
23.  shumaf  Surface specific humidity 
24.  p5thaf  500 hPa wind direction 
25.  tempaf  Mean temperature at 2m 
26.  rhumaf  Near surface relative humidity 
Daily observed-modified Evapo[transpi]ration data from 1961 to 1990 at Mosul, Baghdad 
and Basra stations’ locations are used for downscaling. They are grouped into two 
categories: the first set ranges from 1961 to 1970 and is used to establish a statistical 
relationship with the NCEP climate data, which will be used to calculate future climate 
changes; the second set of observed data ranges from 1971 to 1980 used to 
independently to verify the downscaled ET data before synthesising future scenarios. 
The choice of predictor variables is one of the most influential steps in the development 
of statistical downscaling procedure. Identifying empirical relationships between gridded 
predictors and single site predictands is central to all statistical downscaling. The choice 
of appropriate downscaling predictor variables based on seasonal correlation analysis, 
partial correlation analysis, and scatter plots. One of the approaches is to choose all 
predictors available, see Table 5.2, and run the explained variance on a group of eight 
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or ten at a time. As an outcome of the grouping process, those predictors which have 
high explained variance are selected. Then partial correlation analysis is done for 
selected predictors to see the level of correlation with each other. There could be a 
predictor with a high explained variance but it might be very highly correlated with 
another predictor. This means that it is difficult to tell that this predictor will add 
information to the process and therefore it will be dropped from the list. Finally, the 
scatterplot indicates whether this result is due to a few outliers or it is a potentially useful 
downscaling relationship. The selection of predictor climate variables is affected by the 
influence of the variables on the climate of the study area and by the availability of 
predictor variables in both the NCEP and GCM data archives. Predictors are chosen on 
the basis of predictor predictand partial correlation, percentage of variance of predictand 
explained by predictors, and sensible physical predictor-predictand relationships. 
Based on the results, suitable predictor variables are chosen for the ET as presented in 
Table 5.3. 
Table 5.3: Downscaling models and large scale atmospheric predictor variable used to downscale ET for 
the Tigris River Catchment  
Predictand Location Predictor abbreviation Predictor 
E
v
a
p
o
[t
ra
n
s
p
i]
ra
ti
o
n
 
M
o
s
u
l 
mslpaf Mean Sea Level Pressure 
p_uaf Surface Zonal Velocity 
p5_vaf 500 hPa Meridional velocity 
p500af Relative Humidity at 500 hPa 
p8_vaf 850 hPa Meridional Velocity 
p850af 850 hPa Geopotential height 
tempaf Mean Temperature at 2m 
rhumaf Near Surface Relative Humidity 
B
a
g
h
d
a
d
 
mslpaf Mean Sea Level Pressure 
p5_vaf 500 hPa Meridional velocity 
p8_vaf 850 hPa Meridional Velocity 
p_uaf surface zonal velocity 
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Predictand Location Predictor abbreviation Predictor 
tempaf Mean Temperature at 2m 
rhumaf Near Surface Relative Humidity 
B
a
s
ra
 
mslpaf Mean Sea Level Pressure 
p_zhaf Surface divergence 
p_thaf surface wind direction 
tempaf Mean Temperature at 2m 
rhumaf Near Surface Relative Humidity 
 
The model calibration process constructs downscaling models based on multiple 
regression equations, given daily weather data (the predictand) and regional-scale, 
atmospheric (predictor) variables. The model type determines whether individual 
downscaling models will be calibrated for each calendar months, climatological season 
or entire year. The model is structured as a monthly model for both precipitation and 
temperature downscaling, in which case twelve regression equations are derived for 
twelve months using different regression parameters for each month equation. Finally, 
the data period should be set in order to specify the start and end date of the analysis. 
The calibration is done for a period of 20 years (1961-1980). 
One of the criteria commonly used in evaluating the performance of any useful 
downscaling method is whether the historic (observed) condition can be replicated or 
not. It is therefore imperative that the methods used for transferring results of climate 
models to meteorological stations generate ET time series that have the same statistical 
properties as observed meteorological data that is used for hydrological modelling. Thus 
HadCM3 is downscaled for the baseline period for two emission scenarios (A2&B2) and 
statistical properties (mean & variance) of the downscaled data is compared to observed 
data. By using the selected predictor variables and observed ET from the study period, 
the SDSM model is calibrated. Figure 5-9: Visual Representation of how the generated 
daily ET values correspond the ‘modified’ observed ET over the Northern Region. shows 
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NCAR observed and downscaled mean monthly ET for Mosul station. Mosul data sets 
at this point in particular as it has considerably less number of daily missing data, which 
are only 105 missed values when it is compared against Baghdad station for example, 
which has missed values for about 2687. 
 
Figure 5-9: Visual Representation of how the generated daily ET values correspond the ‘modified’ observed 
ET over the Northern Region.  
 
Figure 5-10: Northern downscaled ET model representation for the period 1961 to 1970 (SDSM Default) 
 
Figure 5-11: Calibration of the downscaled model for the period 1961 to 1970 (after model setting changes) 
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The default SDSM global settings are well selected first (Figure 5-10). Only some 
adjustments in the model stochastic parameters, namely variance inflation, bias 
correction and model transformation were made for better data fitting and comparing 
purposes (Figure 5-11). 
After implementing the calibration utilising the observed data from the period 1961 – 
1970 and the generated data set for the same period, there were only few changes have 
been noticed. It should be noticed that R2= 0.995 and Nash-Sutcliffe Coeff. = 0.979 for 
comparing the all observed vs generated, for only winter period R2=0.918 and Nash-
Sutcliffe Coeff. =0.800, R2 = 0.977 and Nash-Sutcliffe Coeff. = 0.955 for summer. The 
mean ET ensemble scenario is synthesized with respect to the validation data. This is 
done by incorporating NCEP predictor variables for the period of 1971 to 1980. 
Figure 5-12 shows the observed and downscaled Daily ET in Mosul station for the period 
of validation (1971-1980). As can be seen in this figure, ET frequency of wet days and 
hot days are captured quite satisfactorily. 
 
 
Figure 5-12: Validation of the downscaled model for the period 1971 to 1980 
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The SDSM model performs reasonably well in estimating the ET except for the winter 
season of the validation period (figure 5.12). This result, however, can still be considered 
as satisfactory given the fact that ET downscaling is more problematic than any other 
variable like for example when estimating temperature and/or precipitation, because 
daily ET amounts at individual sites are relatively poorly resolved by regional-scale 
predictors. The choice of predictor variables is one of the most influential steps in the 
development of statistical downscaling procedure for the ET. The ideal predictor must be 
strongly correlated with the target variable, physically sensible and plausible, well 
represented in the GCM control run, and capture multi-year variability. 
Daily ET amounts at individual station continue to be the most problematic variable to 
downscale. The SDSM manual gives some examples about the expected variances 
values from the predictors: temperatures values could reach 85% and precipitation 
values from 10% to 15% (and in some cases below 10%). The average variance for ET 
is very typical, as in this study’s case the ET variation was a range from 55% to 74%. 
This arises because of the generally good predictability of daily ET amounts at local 
scales by regional forcing factors. The relatively average variance for ET underlines the 
more stochastic nature of ET occurrence and magnitude. In the same time, it could be 
considered as an indicator for the difficulty to capture the characteristics of the variability 
of the ET regime in the downscaling process, as also suggested in other studies e.g. 
Wilby and Wigley (2000); Wilby et al. (2003). 
The downscaling outputs ability to represent the baseline climate is a necessary 
condition to have reasonable confidence on the reliability of the climate change 
anomalies computed from the scenarios runs. Although the calculated correlation 
coefficients for the ET can be an indicator for high uncertainty and relatively a poor quality 
of downscaling, but in the case of Tigris River region. The resulted ET can be very useful 
for such research purposes, despising the fact that the resulted downscaled ET even 
after careful screening of most relevant predictors, some of the downscaled output is still 
significantly different from the observed values. This is especially the case for 
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downscaling ET and it’s variance for the winter season of the validation period and with 
such uncertainties in downscaled data for the baseline period it will be fine to have large 
confidence in the downscaled values for future climate scenarios and to use these for 
meaningful climate change impact studies. It should be noted that any uncertainty 
associated with ET implies high uncertainty in river losses estimation. For that, there is 
a need for more refined GCM results and more understanding of predictor-predictand 
relationships for making feasible management decisions. Baghdad data sets could be a 
good example for utilising the statistical downscaling model SDSM in bridging the gaps 
and reconstruct the historical observed data. Figure 5.13 highlights the ability of SDSM 
in reconstruct Baghdad’s daily datasets for the period from 1961 - 1980. 
 
Figure 5-13: Data missing values substitution/simulation using SDSM over the middle region (Baghdad). 
As a result, synthetic daily time series were produced for the two emission 
scenarios (HadCM3A2a and HadCMB2a) for a period of 139 years (1961 to 2099) 
(figures: 5.14 – 5.16). The ET downscaling process requires more attention as it is more 
complex that other metrological variable to estimate (e.g. temperature) because, in 
general, at individual sites the amount of daily ET are relatively weakly resolved by the 
regional-scale predictors.  
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The climate scenario for future period was developed from statistical downscaling using 
GCM predictor variables for two emission scenarios based on the mean of one ensemble 
for the period from 1991 till 2099. The length of these periods is chosen to be long 
enough to allow drought/flood frequency analysis when considering the river water 
losses later. The annual changes of future ET projections with respect to the baseline 
period (1961-1990) are shown in figures (5.14 – 5.16). The ET results show that the 
future periods will dramatically increase. That makes a good chance to conclude the 
significance of the ET losses from the river. 
 
Figure 5-14: Tigris northern region annual average ET for the period from 1961 to 2099 using downscaled 
HadCM3 A2 and B2 models 
 
Figure 5-15: Tigris Middle region annual average ET for the period from 1961 to 2099 using downscaled 
HadCM3 A2 and B2 models 
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Figure 5-16: Tigris southern region annual average ET for the period from 1961 to 2099 using downscaled 
HadCM3 A2 and B2 models 
Both of the examined climate scenarios recorded a noticeable increasing over the study 
period. Downscaled results show consistency between the A2 scenario and the B2 
scenario over Tigris regions. The northern region ET is the highest as expected. The 
mean average ET losses in the northern region is about 9.7mm/day overt the 140 
examined period, while in the middle and the southern regions, ET records 8.3 and 
7.8mm/day respectively. Compared with the B2 (5.2%, 0.6% and 5%) scenario, the A2 
(6.4%, 3.8% 4.6%) and scenario shows more increase in yearly mean ET, which leads 
to which can be an evidence as well to increase the temperature and decrease in 
precipitation for example. 
5.5 Summary 
Monthly observed evapotranspiration data were collected from locations along 
the river Tigris alongside with other meteorological data (e.g. Max & Min Temperature, 
Relative Humidity, Wind Speed, Solar Radiation, etc.). These data sets were exclusively 
provided for this study by the Iraqi water resources ministry to develop an accurate 
estimation of the Tigris River losses. 
Trend analysis was conducted using monthly observed ET data using Pan Class (A) 
method and covering the period 1969 – 2000 indicating that each region within the whole 
basin has recorded increases of evapotranspiration losses. In addition, each region has 
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recorded its own ET values because of the variance of the meteorological and 
topographical characteristics between each region. The southern region (Basra) gave a 
lower rate of ET while it is hotter when compared it to the other regions. The northern 
region (Mosul) has recorded the highest ET rate. 
To investigate this further, it was decided to exploit the other metrological data available 
to model the evapotranspiration performance historically. According to the literature, 
there are a numerous ET models no a consistent evidence exists about which ET model 
could be used to give good simulation outcomes. For this reason, it was decided to 
conduct a comparative analysis based on the complexity of the models (the number 
variables are needed) for number of well-known ET models to see which one performs 
best to give accurate ET losses. The results for indicate that all of the nominated models 
were under estimating the observed data. Hargreaves Evaporation Mass Transfer (ETH) 
has given the most reasonable ET values compared to the models. 
In this study, statistical downscaling approach is applied to synthesise future ET 
scenarios for the Tigris river basin, Iraq, rather than relying on downscaling other 
variables such as temperature, relative humidity, precipitation, solar radiation, etc. and 
employ them again to calculate ET. That required finding a relationship between the 
available monthly observed ET values with NCAR daily data. The resulted data sets were 
used as a baseline to predict ET for up to 2099 using SDSM. The SDSM decision support 
model is used to assist in constructing future regional scenarios. The model is first 
calibrated for period 1961 to 1970 using modified daily observed ET at Mosul station, 
with atmospheric and circulation predictor variables from NCEP gridded data that cover 
the study area. After that, the SDSM model is applied to generate future period (1981 to 
1990) which was considered for verification. Future implementation is performed with 
predictor variables using the output from HadCM3a2A and HadCM3B2a GCM scenarios 
experiments. The synthesised future scenarios will be used directly are used as an input 
to the hydrodynamic model ISIS in the next chapter to study the future impacts of the ET 
on simulating future stream-flow of Tigris. 
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The downscaling results show that ET losses will become gradually higher in future 
periods. The result clearly shows that the magnitude of lost ET with a percentage of 
Compared with the B2 (5.2%, 0.6% and 5%) scenario, the A2 (6.4%, 3.8% 4.6%) and 
scenario shows more increase in yearly mean ET. Consequently, that would give a 
significantly increase of frequency of flow. 
 
There are a number of limitations concerning the assessment of climate change on the 
water resources. Firstly, due to data availability and high computational time demand, 
outputs of only one GCM and two emission scenarios limits the assessment. Secondly, 
prediction of the future climate is based on statistical predictor-predictand relationships 
that exist for the present condition, but which will not necessarily remain the same in the 
future. The downscaling is also performed only at three points along the basin and the 
results were then applied to the entire study area. This is due to the lack of long time and 
reliable measured daily data of ET, which in the study area are only available at Mosul, 
Baghdad and Basra stations. Thirdly, high uncertainty associated with ET prediction 
implies high uncertainty in predicting river flows for future periods, indicating the need for 
more refined GCM results and/or a better understanding of predictor-predictand 
relationships for making feasible management decisions. 
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 River Modelling 
This chapter outlines the numerical modelling methodology used to analyse river 
water losses located in arid and semi-arid catchment in a developed country. A 
hydrodynamic model is built using ISIS 1D for the examined reach as described in 
chapter 2. The examined Tigris reach starts from Mosul Dam, taking in the account the 
contributing tributaries downstream and ends in Basra where the Tigris meets the 
Euphrates at Qarmat Ali (refer Chapter 3). The potential ability of ISIS to represent the 
spatial and temporal distribution of the water losses for arid and semi-arid basin is 
investigated. 
This chapter highlights the significance of the Evapo[transpi]ration for the river (which 
was assessed in chapter 5) alongside with assessing other water losses’ sources. That 
in turns provides a chance to assess possible future impact of climate change on water 
resource availability for this region. 
It has been decided to utilise a hydrodynamic computer modelling tool to implement this 
objective. ISIS – 1D is a widely used hydrodynamic model for simulating flow and water 
levels. It requires robust data sets of historical and simulated initial and boundary 
conditions including river flow and water levels, and topographical data, etc., to give 
accurate results. A novel methodology is presented here to generate river profiles for 
shallow rivers using remotely sensed data. ISIS – 1D can be used to help in assessing 
the impact of the Evapo[transpi]ration for the outlined stream flow in the previous 
chapters. 
This chapter describes all the available input data that was used in the ISIS – Tigris 
model, and investigates the quality of those data as the model’s boundary conditions as 
well as for the model results. Understanding the changes in river flow and water level is 
important to develop water resources and water scarcity strategies. This is particularly 
important as the uncertainty of the non-linear relationship between climate and 
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streamflow is expected to increase as a result of the amplified climate variability under 
predicted climate change scenarios (Bates et al., 2008). 
Integrated management of streamflow under new foreseen uncertainty is needed to 
balance the competing demands. Such a management study will support water supply, 
ecosystem protection, etc. Assessment of the effects of climate change therefore 
requires understanding of effects on streamflow variability, including high and low flow 
extremes across a wide range of time scales, from hours and days in the case of floods)to 
months and years for water losses. 
The developed ISIS model has been used in this study to assess discharge changes in 
order to give a better understanding of the effects of the climate change on water losses 
from a river located in arid catchment in a developing country due to Evapo[transpi]ration. 
6.1 Boundary Conditions 
A large part of the Tigris River network was simulated with ISIS using a series of 
individual 'building blocks' known as hydraulic units. Each unit represents a particular 
hydraulic attribute of the modelled network, e.g. a river section, a junction, etc. Historical 
river flow and level data were obtained from a wide range of sources, analysed, and then 
used as boundary conditions. Some data have been provided by IWRM and other data 
have been collected from literature (as outlined in chapter 2). 
 
Firstly, a comprehensive river profile is needed. It can represent channel dimensions 
(length and width(s)) and elevations (topographic data) as well as a historical record of 
the water discharge. Secondly, initial and boundary conditions are prerequisite; and 
finally, floodplain topographic data as well as channel roughness information water stage 
data are needed for model validation and calibration.  
An in-depth understanding of the river bathymetry including 2 and 3 dimensional cross 
section data along the river, especially at critical points e.g. bends, hydraulic structures, 
waterfalls and lakes to accurately analyse the river water losses. 
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The spacing between channel cross sections is a critical factor to assess the errors 
introduced by lowering cross section resolution and survey inaccuracies (Burnham et al., 
1990). Table 6.1 gives some recommended values for relationships of the required 
minimum cross section spacing to channel slope for slopes ranging from 0.1 to 3.3m/km 
for the section spacing for 75 to 1000m (Samuels, 1995). 
Table 6.1: Cross Section Spacing Recommendations in 1D Hydraulic Models 
Channel Slope (m/km) Section Spacing (m) 
3.3 – 1.0 75 
1.0 – 0.3 200 
0.3 – 0.1 500 
< 0.1 1000 
In this case, the available surveyed cross sections are spaced at 500 to 1000m for 
channel slopes ranging from <0.1 to 0.3. 
Required initial conditions consist of flow record inputs from the upstream of the reach 
and any tributary inputs. A steady state flow simulation requires upstream flow data and 
information at the start of the period of investigation. The water flow and levels data 
output of this steady simulation then provides the initial conditions to an unsteady 
simulation. 
One of the features of ISIS is allowing the representation of the river floodplains in 
different ways. The easiest one is simply extending or following on with the same slope 
of the channel cross section. However, in that case, different roughness parameter 
values should be considered for the channel wetted parameter and the floodplain. 
Another way in which the floodplain can be represented is by generating spill units at the 
top of the channel banks connecting the main channel to the floodplain, which can either 
be represented by a parallel channel or storage/reservoir units (Lin et al., 2006). This 
approach provides representation that is more accurate but is computationally more 
demanding. Details and information are required for the roughness data for the whole 
channel and the floodplains along the simulated river profile. The only way of getting 
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such data is to calculate Manning’s number in different places along the modelled reach 
using the available discharge records, river hydraulic slop e and river profile 
characteristics and then compare it to published data. A set of river discharge and water 
levels are required to calibrate and validate the model. Those data sets are identified ion 
the following sections: 
6.1.1 Discharge of Tigris River 
One of the most important input facilities in ISIS model is the Flow Time Boundary 
unit. It can be utilised to model the discharge hydrograph which is specified as a 
boundary condition at the upstream end of the modelled network. A discharge data set 
namely Mosul_Dam was incorporated as data pairs comparing monthly averages flow 
and time start from January 1970 to January 1985 at this stage of the study (Figure 6-1), 
only because of the lack of data due the severe armed conflicts in that time. 
This facility gives the opportunity to check the input data before the computational run is 
carried out as well as specify the time increment which is added into the model for the 
preceding flow vs time when new discharge data is inserted or appended. The water 
inflow records are important in the process of identifying and assess the potential river 
losses alongside water supply and demand. In this study, five discharge data sets 
including the Mosul Dam, (Tigris tributaries, namely, Great Zab, Lower Zab, Adheem and 
Diyala were introduced into the model. Initially, average monthly discharges for the 
period from 1970 until 1985 for those streamflow gaging stations within Tigris River basin 
in Iraq were used in chapter seven to help assessing the reduction in available water 
resources and evaluate the consequence of the increasing water demand. There is 
another discharge data set available that can be extend to the year 2000 but it is suffering 
from considerable gaps and discontinuity. It has not been represented here as it might 
disturb the trend projection of the river flow. However, they are still being used in later 
stages. 
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Figure 6-1: 15 years’ worth of monthly mean discharges at Mosul Dam streamflow-gaging station extracted 
from Saleh (2010) and edited by the author. 
The water discharge data were used to generate trend lines of discharge versus time. 
These trend lines were then applied to estimate already ongoing reduction in water 
quantities over the period from 1970 until 2000. Figure 6-1 highlights that about 5.45% 
(from 650 m3/sec to 618 m3/sec) decreasing in mean monthly average water releases 
over the selected 15 years (from 1970 to 1985) to the Tigris River from Mosul Dam in 
the upstream end. 
 
Figure 6-2: 15 years’ worth of monthly mean discharges at GreatZab Tributary streamflow-gaging station 
extracted from Saleh (2010) and edited by the author. 
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Figure 6-3: 15 years’ worth of monthly mean discharges at LeaserZab Tributary streamflow-gaging station 
extracted from Saleh (2010) and edited by the author. 
 
Figure 6-4: 15 years’ worth of monthly mean discharges at Adheem Tributary streamflow-gaging station 
extracted from Saleh (2010) and edited by the author. 
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Figure 6-5: 15 years’ worth of monthly mean discharge at Diyala Tributary streamflow-gaging station 
extracted from Saleh (2010) and edited by the author. 
Figures 6.2 to 6.5 have been processed from the same source of data. They represent 
the monthly averages of the water discharge from tributaries flowing into Tigris 
downstream of Mosul Dam (refer to Chapter 3). The analysed water discharge data of 
these gauging stations were then used to estimate the average annual flow of the entire 
river network (refer to chapter seven). Most of them indicate reduction in discharge 
(LeaserZab – 5%, Adheem – 8.5% and Dyala – 17.8%). Only the GreatZab tributary 
recorded increasing by about 6.5% from its mean monthly average which is 423m3/sec. 
The downward recorded of the water availability over the period from 1970 to 1985 is 
believed to be due to the increasing demand and possibly the consequences of climate 
change. Over all, the discharge of the main reach of Tigris River and most of its tributaries 
are showing downward trends for the investigated period of 1970 – 1985. 
6.1.2 Tigris River Profile Development 
There are several definitions for the river cross sections (CSs). Some studies 
have defined CSs as simple as being paths across a river that lie orthogonally to the river 
flow direction, e.g. Harrelson et al. (1994). Other studies like Rhoads et al. (2003) identify 
the CSs as encompassing the geomorphological diversity of a river from detained 
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topographic mapping. Pavelsky et al. (2008) defines CSs as river flow widths, which are 
where cross sections would be measured, as the shortest cross sectional distance from 
the water’s edge to the other, vertical to the reach channel. All of those definition are 
acceptable, however, any river is subjected to flood/drought events; so limiting the 
definition to the river water surface is not enough, and it could be extended to include 
the river banks and also some of the floodplains. Implementing water quantity 
assessments and water balance studies for any river requires a comprehensive and 
sufficient representation of the river channel and floodplain geometries alongside with an 
accurate assessment of its hydraulic characteristics (Nicholas et al., 1997). A river profile 
as the most important input of a hydraulic model, and the details and accuracy of the 
representation of the channel geometry are a very significant determinant of model 
performance (French et al., 2000, Pappenberger et al., 2005). 
Hydrodynamic models require a continuous representation of the channel bed. In the 
majority of situations, a portion of the main channel remains under water and thus it is 
difficult to create a terrain model for the channel from LiDAR survey or photogrammetry. 
Linear interpolation of the available surveyed cross-sections is not straightforward due 
to various facts including bends in the river, existence of channel islands not captured 
by a sufficient number of cross-sections and failure to capture the river thalweg 
(Merwade et al., 2008), etc. 
It should be noted that, when there is a need to survey a river and its floodplain, cross-
sections can extend onto dry land some times. Depth measurements or river bed 
elevations are collected at specific intervals and noticeable breaks in slope along a cross-
section depending on the river or defined cross-sectional width. The depth between 
these points is interpolated to produce a continuous cross-sectional profile. These 
profiles allow for the wetted perimeter of the river to be calculated. The wetted perimeter 
is an important river characteristic that if often utilized for estimating a river’s minimum 
allowable flow and for predicting areas of suitable habitat (Gergel et al., 2002). 
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One of the most important boundary conditions for the hydraulic model used in this 
research is, the cross sectional data along the study area. As for this study, ideally, and 
accounting to Table 6.1, one cross section for each kilometre distance covers 850km 
along the reach. Building a river profile for such a long reach is technically demanding. 
As there were data available only fourteen observed cross sections were conducted by 
different methods for different locational along the river. 
For that reason, several methods to generate river profiles have been examined and 
compared in this study to find the best method to aid the research case. This section 
investigates the viability of a method to develop a whole river profile, a river profile that 
contains reasonably good resolution cross sections in desired locations. A method which 
can be used to measure whole floodplains, river slope and other hydraulic characteristics 
as well as being able to define the locations and the types of any hydraulic structures or 
any other obstructions (lakes, marshes, algae, etc.) along the river flow. This method will 
help to open a new avenue for scientists who use hydraulic models (e.g ISIS and Hec-
RAS) in areas with a severe lack of data. Data unavailability can be due to a number of 
reasons, for example, financially and or field accessibility for politically unstable countries 
like Iraq. These countries often are in water basins which need significant and accurate 
water balance studies to be carried out urgently due to the magnitude of the water losses. 
The examined methods are illustrated as follows: 
1. Traditional methods: 
Theodolite intersections, theodolite stadia, electronic distance measurement, depth-
surveying bar, lead-line, handled survey and echo sounder are the main methods used 
for water bathymetry. Such methods provide river cross-sections data with high-
resolution relief surveys. However, they are too expensive relating to many research 
budgets. Also sometimes, these methods are not only prone to the inaccuracy of 
instruments, distances, weather conditions, indivisibility and communication device, but 
also involved in tedious workload which leads to low efficiency. Some unfavourable 
factors such as the flow of the water and the nonlinear movement of the surveying ship 
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make measuring the depth of the water more difficult. Lack of skills and cooperation 
among surveyors might result in a low accuracy in the position fix of cross-section points, 
thus further affects the quality of cross-section survey of the river (DEC, 2006). 
 
2. Software tools: 
have been (and are being) developed and updated to extract spatial features that are 
useful for hydraulic models, from topographical data sources, both in GIS (Merwade et 
al., 2008); (Tesfa et al., 2011) and non-GIS environments (Schwanghart et al., 2010). 
However, obtaining detailed topographical data for every river basin under study is a 
difficult task as the process involves an expensive and time consuming survey campaign 
(ground or airborne) and a painstaking post-processing of the survey data (Liu, 2008); 
(Mandlburger et al., 2009); (Merwade et al., 2008). Other studies have been 
implemented to deal with topographical data scarcity in river flood modelling. Most of 
those studies rely on the integration of GIS with digital elevation models (DEMs) which 
are obtained from remote sensing satellites for example, (Asante et al., 2008); (Herath 
et al., 2003); (Merwade et al., 2005); (Sanders, 2007). 
 
3. Satellite Images: 
Approaches which depend on satellite images only provide information used to define 
the topographical data for flood propagation modelling (Qi et al., 2011), but they are not 
only able to completely describe the river cross section in full since the sensors cannot 
penetrate much deeper than the water surface.  This has led to work using data 
assimilation techniques which attempt to  identify a (synthetic) cross-section that is 
hydraulically equivalent to the real river geometry (Honnorat et al., 2006); (Roux et al., 
2004). These approaches relay on linear interpolation and either hypothesising the 
geometry of the cross section. The characteristics of this geometry are estimated to 
consider the topography of the overbanks in the assimilation process. They need a high 
resolution of satellite imagery. Nevertheless these techniques are still subject to river 
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bed and other river profile features guesstimations as such techniques need a dense of 
observation data not only about the river cross sectional profile but even require water 
elevation and flow velocity detailed information which are not always available. Only five 
cross sections (S36, S46, S49, S63, and S64) out of 14 can be utilised to test the 
reliability of the cross section generation methodologies above at once, are represented 
in Figure 6-6. That was because only those 5 had their own floodplain slopes extended, 
which can be used to synthase cross sections (cross section developing method – type 
3). 
 
Figure 6-6: Shows Mosul City Centre and Tigris River. The locations of the five cross sections are 
illustrated as red lines crossing the river. 
Alongside the remarkable presentation of the river and the topographical area features, 
this figure shows the ability of Google Earth to provide other details in high resolution 
within the river itself, for example, bridges, islands, other hydraulic structures, farms and 
urban areas. Details that would often not be noticed by other DEM providers. This study 
suggests a new method of generating river profiles for data sparse areas with improved 
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hydraulic characteristics, using Google Earth and 3DRouteBuilder. This method is simple 
and can assist hydraulic modellers who are carrying out studies in areas with a severe 
lack of data. The Tigris River in Iraq has been chosen as a case study site for this 
method, since it is a large river with very few measured cross sections. 
6.1.2.1 Observed Data Base 
In the following, a combination of pre identified river cross sections locations, 
most of them have been provided exclusively from the Iraqi ministry of water resources 
(IMWR) for this study and others have been obtained from the literature are considered 
as field measured data (see Table 6.2 and Table 6.3). Those observations were used to 
validate other approaches of extracting river cross sections. The comparative analyses 
include calculation and review of the simulated hydraulic characteristics against 
observed ones. 
The first step was extracting cross-sections from the NASA SRTMGL3 and compare 
them to the observed ones in terms of the locations using ArcGIS Geo-processing tool. 
The second step was utilising the observed river banks’ slopes and interpolate them to 
generate synthetic cross sections. The third one was extracting cross sections from the 
same pre identified locations by using Google Earth through a free licensed GPS editor 
called 3DRoutBuilder. As a result, the best obtained river cross-section data are 
incorporated within ISIS-1D modelling software package to carry out river losses 
estimation  covering the whole downstream basin of Tigris River Basin, Iraq. 
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Table 6.2: observed cross sections’ details obtained in different locations along Tigris River using the River 
Surveyor technique and provided exclusively to this research 
Cross-section Location Source 
 
Mosul 
36º36’18.58”N 42º48’59.26”E, 
elev. 255m 
IMWR 
 
Al-Sherqat 
35º31’56.39”N 43º14’25.51”E, 
elev. 145m 
IMWR 
 
Bijee 
34º55’56.36”N 43º31’02.11”E, 
elev. 101m 
IMWR 
 
Tekreet 
34º34’44.54”N 43º42’42.09”E, 
elev. 76m 
IMWR 
 
Sameera’a 
34º09’09.43”N 43º52’19.98”E, 
elev. 52m 
IMWR 
 
North of Baghdad 
33º31’07.96”N 44º18’22.14”E, 
elev. 30m 
IMWR 
 
Sweerah 
32º57’29.82” N 44º44’12.82”E, 
elev. 25m 
IMWR 
 
Nomaniah 
32º34’37.09” N 45º24’54. 
67”E, elev. 19m 
IMWR 
 
Kut 
32º31’42.82”N 45º51’06.35”E, 
elev. 16m 
IMWR 
 
The 9 cross sections shown in the table above have been surveyed by using the SonTec 
RiverSurveyor System. In the manual of this tool, which is freely available online at 
(www.sontek.com), the entire system is described along with other useful information.  
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The SonTek RiverSurveyor system is a highly accurate Acoustic Doppler Profiler (ADP) 
system integrated with a compass/2-axis tilt sensor, temperature sensor, internal 
recorder, and a vertical acoustic beam (echo-sounder) specifically designed to measure 
river discharge, 3-dimensional water currents, depths, and bathymetry from a moving or 
stationary vessel. The RiverSurveyor measurement system is fitted to a manned 
powerboat where the ADP’s transducer face should be fully submerged in water as 
shown in Figure 6-7. 
 
Figure 6-7: Outline of RiverSurveyor system and transducer depth 
Another 5 cross sections were obtained from a previous study, (Al-Hafith, 2012), which 
was already published to investigate the hydraulic characteristics of Tigris River at Mosul 
city. Cross sections survey in this study was carried out by using the Echo Sounder –
Depth Meter. The field measuring process was divided into two main stages. The first 
stage includes measuring river water levels above the sea level, the width of the channel 
as well as the channel bed dimensions. The second stage was carried out by using the 
same device to survey the floodplains of the river on both channel sides in addition to 
any islands along the river channel. 
 
The Echo Sounder is a small portable low cost ultrasonic water depth instrument meter, 
which is used for measuring water depth in silting or sedimentation studies, dredging 
surveys in lakes, rivers, ports, sea, and inshore hydrographic surveying. It is not 
necessary for the device to be attached or fitted to a platform; it can be also used 
manually. So the accuracy of the measurement is depending on the experience of the 
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person who takes the measurements. It has been decided to utilise those cross sections 
in this study (Table 6.3). 
Table 6.3: Five observed cross sections’ obtained in relatively closed locations along Tigris River Reach in 
Mosul City using the River Surveyor technique and provided exclusively to this research 
Cross-section Location Source 
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Because of the low resolution of the cross section representations in (Al-Hafith, 2012) 
study, it was difficult to incorporate its figures in the format they were in. they were before 
digitalised in this study using “WebPoltDigitizer”. Table 6.2 shows the cross sections’ 
profiles which have been measured by SonTek River Surveyor. The water depth within 
the river and the river bed’s width are also highlighted. 
In studying the river characterises focusing on the observations, it can be noticed that, 
the Tigris River is a shallow and not very wide river especially in the north and the south 
regions. The average depth can reach 4m and the river width is typically about 180 – 
250m. The width at some location can reach 800 – 1000m. The average velocity is about 
1 – 1.5 m/sec as an average. Most importantly, the bed profile and depth of the water 
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look reasonable but the measurements do not give any details about the river banks, let 
alone the floodplains. Figure 6-8 has been quoted from the tool’s manual as it explains 
that limitation very well. 
 
Figure 6-8: The movement range of the SonTek River survey boat (refer to Table 6.2) within the channel width 
represented by the double sided arrow 
Table 6.3 also shows the channel width, depth(s), water level within the channel, as well 
as the channel elevation compared to sea level. The figure also shows the ability of this 
technique not only to measure the channel profile with water level including both bank 
sides but even for it being able to extend onto the floodplains. 
6.1.2.2 Shuttle Radar Topography Mission (SRTM) 
The Shuttle Radar Topography Mission (SRTM) obtained elevation data on a 
near-global scale to generate high-resolution digital topographic database of Earth. 
SRTM is an international project spearheaded by the National Geospatial-Intelligence 
Agency (NGA) and the National Aeronautics and Space Administration (NASA). The 
SRTMGL3 is one of NASA LPDAAC (The Land Processes Distributed Active Archive 
Centre) collections. It is available to download in the website of Earth Explorer by USGS 
(U.S. Geological Survey) as tiles of 1°x1°. It has been decided to utilise such data set 
because it is free accessibility. A preliminary comparison analyses has been conducted 
to know which digital elevation data set is better in terms of showing terrain profile. 
SRTM90 which is also available freely to download in the same data source above gave 
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insufficient output to fulfil the aim of the study, while SRTMGL3 has a finer resolution 
over the study area and could bring more details. 
The SRTMGL3 DEMs which have been downloaded for this study are stored as tiled 
datasets. Those tiles are all, adjacent and have the same resolution and coordinate 
system. These tiles were merged together, clipped and mosaicked for the whole river 
stretch and processed using GIS tools to convert them into one DEM raster with one grid 
format. Removing the cloud layer process is also applied to improve the terrain resolution 
(Figure 6-9). 
 
Figure 6-9: A processed SRTM GL3 raster for Mosul City. Tigris River’s centre line is represented in light 
blue line, the 5 cross sections locations are identified in red lines cross the river reach. 
The interpolate line tool from 3D Analyst Toolbox in ArcGIS was utilised in this study to 
determine contour, slope, and/or elevation of not just points but even lines in desired 
locations and digitalise them at the same time. The desired locations need to be exactly 
Ü
0 5 102.5 Kilometers
SRTMGL3 DEMs_River Tigris at Mosul City
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identified. In this case, the observed cross sections’ locations in were extracted using an 
earth browser as KML files. These KML files were converted by GIS into layers. These 
layers are placed automatically on the final DEM raster to represent the cross sections 
locations. 
6.1.2.3 Google Earth & 3DRoutBuilder 
As an extension to Google Earth (GE) identification which is already mentioned 
before, GE also has DEMs imbedded within it, as it is one of GE’s competitive features. 
Those DEMs have been used in several studies with different applications. They are also 
used in the hydrologic sector to generate topographic data to map catchments and 
watersheds (McInnes et al., 2011, Rusli; et al., 2012). However, this is controversial as 
the source of it being a digital elevation model (DEM) and its resolution is not being 
known. Some researches state that Google Earth uses digital elevation model (DEM) 
data collected by NASA's Shuttle Radar Topography Mission (SRTM) enabling 3D view 
of the whole Earth planet (en.wikipedia.org/wiki/Google_Earth). The authors could not find 
a concrete reference for such a statement. In fact, some studies have tried to investigate 
what Google Earth’s DEM resolution is to justify the usage of the extracted data from it 
by doing a compassion analysis between it and other well-known DEM data sets 
(Hoffmann et al., 2010). The authors of this study went even in further investigating 
directly with Google about it, but the response was negative. 
It has been noticed that there was an announcement mentioning a high resolution 
3DRoutBuilder world – wide terrain (DEMs) having been released by GE with 10m cover. 
An investigation was implemented by the author discovered that an update was occurred 
ion 2nd of June 2007 which covers only the following parts of the earth: Parts of 
Greenland, Antarctica – some strips, Parts of Canada (area around Toronto), Catalonia 
part of Spain, State of Alabama, St. Paul, Minnesota, Puerto Rico, Iran, New Zealand, 
Parts of Russia. 
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Because of the lack of research found in this area, it was decided to investigate whether 
there is a possibility to generate reliable river cross sections to form river profile for the 
Tigris which can aid the modelling. 
GE can by a good asset as a DEMs source according to the studies that investigated the 
reliability of it as an alternative to traditional unfeasible methods. It can be utilised to get 
more details also for floodplain cross sections that cannot be provided by the echo 
sounder data (observed). GE also gives great opportunity to virtually walk through the 
whole river and appointing critical locations, e.g. river bends, dams, bridges, etc. lively. 
Basically, dragging a path in a desired location, e.g. across a river within GE, that gives 
an elevation profile. 
Extracting data tool is required to digitalise and analyse GE’s DEMs to develop river 
profile elevations. The 3DRoutBuilder was tested to carry out the work and it has been 
approved that it has a great potential in this regard. 
3DRoutBuilder is a GPS location, altitude and time route editor for high resolution control 
over paths directly in Google Earth or it could be for any Earth browser. After that, the 
extracted files can be retraced at scalable real-time speed. It adjusts altitude and location 
of one or more points in centimetre increments, views altitude profiles against distance, 
correct and smooth barometric drifts. Moreover, it also can extract altitude and location 
data to any other suitable formats. In addition to measuring river banks, 3DRoutBuilder 
was also used to measure the river beds. The resulting completed cross sections are 
matching the observed ones well as can be seen in the results section. 
6.1.2.4 Synthetic Cross Sections 
Small part of the floodplain distance and the river banks slopes on both river sides has 
been considered to interpolate some cross sections and including the river bed along the 
river. This method only works for sections (in this case only the ones in Table 6.3) that 
have parts of their floodplains and river banks dimensions on both river sides (Table 6.4). 
Table 6.4: River Cross Sections with interpolated River Bad 
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Cross-section Location Source 
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6.1.2.5 WinXSPRO  
A cross section hydraulic analysis tool called WinXSPRO is also employed in this 
study to calculate and analyse the cross sectional hydraulic characteristics. It is 
Windows™ software package designed to analyse stream channel cross section data 
for geometric, hydraulic, and other sediment transport parameters. 
Cross section input data may be from standard cross section surveys using rod and level 
or sag-tape procedures or even any other method to generate cross sections. 
WinXSPRO allows subdividing the channel cross section into multiple sub-sections and 
has the ability to vary water-surface slopes with discharge to reflect natural conditions. 
Analysis options include developing stage-discharge relationships, evaluating changes 
in channel cross-sectional area, and computing sediment transport rates. 
The estimated stream-channel geometry cross section hydraulic characteristics and 
sediment transport output can be used to assist with channel design and monitoring, in-
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stream flow analysis, the restoration of riparian areas, and the placement of in-stream 
structures. It was developed by Hardy et al. (2005) from the department of agriculture, 
Utah State University US. The developers of this software package provide a detailed 
description of the software including installation, utilisation, features and limitations of it 
in a manual which is available freely online. All the hydraulic characteristics, including 
the cross sectional area, surface water width, depth, wetted parameter, hydraulic radius 
and water surface slope for the extracted cross sections will be compared against the 
observed ones in the following sections. 
The study demonstrates that hydrodynamic modelling of this river is greatly improved by 
generating extra river cross sections to fill in the large gaps between the small numbers 
of measured cross sections. Furthermore, the study demonstrates that the combination 
of Google Earth and 3D route builder generates more realistic cross sections than the 
other interpolation methods, and that this further improves the hydrodynamic modelling 
results. 
 
6.1.2.6 Observed and Developed Cross Section 
Comparison 
By going back to Table 6.2, the missing river banks dimensions can be a problem 
in the comparative analyses whereas the google earth (GE) date extracted by 
3DRoutBuilder (3DRB) is capable of capturing the complete channel width including river 
banks in both sides. To overcome this problem, interpolate the observed river bed data 
is interpolated to reach the known water surface level is suggested to get complete 
channel profile. At this stage, measured cross sections, cross sections extracted from 
GE by 3DRB (GE3DRB), and cross sections extracted from SRTMGL3 by 3Danalest 
(SGL3Danalyst) are illustrated and compared in the following figures. Only the cross 
sections which have been generated interpolating the observed river banks were also 
considered. It should be noted that, identifying the cross section locations in SRTMGL3 
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was implemented by geo-referencing those locations from google earth also into 
SRTMGL3 data set. This was carried out by converting the locations KML files into layers 
to be shown by ArcGIS Map. 
 
Figure 6-10: shows elevations of measured cross section (Obs.) at location – number 1 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
 
Figure 6-11: shows elevations of measured cross section (Obs.) at location – number S39 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
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Figures (6.12 – 6.23) are illustrated in appendix (1). The cross sections shapes and 
dimensions are matching reasonably fine. Some differences were noticed here and 
there, and that might be due to the capturing time. GE3DRB always performed very well 
in terms of the positioning (location) and elevation in contrast to SGL3Danalyst which 
always needed repositioning and even sometimes re-elevating. Not only that, but 
SGL3Danalyst also gives river bed level considerably deeper than the observed. 
SRTMGL3 as any of the other SRTM datasets has considerable errors vertically and 
horizontally. An assessment of SRTM topographic products has been conducted by 
Rodriguez et al. (2005) which explains those errors. The results show that the river banks 
are matching well. The river bed’s shape and river depths are showing a good similarity 
between observed data. and GE3DRB. GE3DRB provides a good number of measuring 
points as evidence to its high resolution. That could help to expose more geological and 
topographical details for the cross sections. The case study (along Tigris River) contains 
lots of curves and meanders especially in the middle region in addition to numerous 
numbers of islands with different sizes and figures. Identifying the locations of those river 
elements which are matching well with the observed data was achieved by using 
GE3DRB. A comparative analysis shows that GE3DRB synthetic cross sections and 
SGL3Danayst data. The river morphological parameters (cross sectional area – A, 
wetted parameter – W, water surface width – bs, average depth – h¯, and flow velocity – 
V as well as the hydraulic radius Rh) were calculated. Analysing these parameters is 
important to give a general picture of the hydraulic characteristics for the Tigris River in 
whole, as well as, it is a good opportunity to trade-off between the models in more details. 
Those calculations have been implemented by WinXSPRO (Figure 6-12). All of the 
calculated hydraulic characterises for the cross sections (simulated and observed) are 
shown in the figure 6.31 and arranged according to their locations. Table 6.5 summarises 
the outcomes of analysing the cross sections hydraulic characteristics. 
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Table 6.5: Summery of the Cross sections Hydraulic Characteristics Averages 
Hyd. Char.’s Observed GE3DRB Synthetic SGL3Danalyst 
A (m2) 795.71 779.89 831.70 1140.19 
W (m) 314.33 319.12 288.00 183.35 
bs (m) 311.24 306.63 390.49 259.72 
Rh (m) 2.66 2.59 4.27 6.80 
h¯ (m) 2.88 2.87 2.56 3.75 
V (m/s) 3.16 3.12 3.99 5.78 
bs / h¯ 108.07 106.84 152.54 69.26 
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Figure 6-12: Tigris River Hydraulic Characteristics 
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There is variation of the cross sectional areas along the river in general. This could be 
due to the river long path as well as the large number of dams and other hydraulic 
infrastructures which have been implemented along the river itself and which would 
cause a considerable reduction of the flow velocity. The calculated hydraulic 
characteristics from GE3DRB are showing a substantial convergence at the level of all 
the morphological parameters in particular, while the results from SGL3Danalyst in 
general show over estimation of all parameters.  
6.1.2.7 Generated Tigris River Profile 
After justifying the methodology (using GE3DRB cross sections) to generate the 
river profile, about 1200 cross sections including longitude, latitude and geographic 
location elevations above sea level have been generated and were inserted into the 
hydraulic model using ISIS River Section Unites to simulate the whole river profile to be 
one of the main boundary conditions. The River Section unit in ISIS simulates the flow 
of water in natural and man-made open channels. Those units have been used to insert 
all the cross sectional data sets that have been generated using Google Earth and the 
3DRoutBuilder approach. 
Figure 6-13 represents the whole Tigris River long sectional profile as an outcome of 
inserting the 3DRoutBuilder/Google Earth cross section data sets into ISIS by its cross 
section units. The figure is showing and differentiating both of the river banks and bed 
elevations and locations along the river. It clearly shows how the river flow slope changes 
from the northern region to the southern region. It should be noted that, a relatively 
considerable downgrading to the river steeping was recorded at section 355 in particular. 
This 355 node represents a point in Sammera’s city, north of Baghdad. This point can 
be considered as a joint in the river between the steeper upstream sections. From that 
point onward, there was not any large gradient recorded until it reaches the last cross 
section in the study area downstream. 
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Figure 6-13: Tigris River Resulted Longitudinal Section from inserting the generated River Cross sections 
using 3DRoutBuilder and Google Earth 
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The change in the slope at Sammera’s city may explain the depths of the river which 
becomes larger downstream of this point. This change in slope will change the river’s 
ability to transport its sediments. When the bed slopes of the southern stream sections 
are assessed, it is noticed that, these are relatively shallow. That could be because the 
low flow of the river and the large number of the hydraulic projects along that area which 
could help to reduce the flow velocity and lead to more sediment accumulation in addition 
to the flatted nature of that area. 
ISIS interpolated sections units were employed in the model for two reasons: Firstly, in 
the case of sparse cross sectional data, they ensure smooth gradients between channel 
properties thus avoiding sudden variations which can cause sensitivity in a model. Thus, 
they should be used when properties vary radically between sections. The other reason 
to use Interpolated Sections is to ensure adequate spatial resolution. In regions where 
there is likely to be significant water surface curvature, or in a backwater profile, 
interpolated sections should be inserted. The number of how much interpolated sections 
should be added to the model is specified in the first steady state run. 
6.1.3 Rainfall/Evapotranspiration Boundaries  
Rainfall/Evapo[transpi]ration boundary condition data sets cover the study period 
from 1970 to 2000 have been incorporated in the Tigris model. This would help to identify 
the rainfall/Evapo[transpi]ration influences into the system, as there is a particular 
interest within this research to show how significant is the evapotranspiration proportion 
of the water volume losing from Tigris network. The Evapo[transpi]ration data sets 
predicted from chapter five were used in the same way that the discharge boundaries 
inserted. Such values can be used directly in mass equations in ISIS 1D utilising REBDY 
(rainfall and evaporation boundary condition data) units. The REBDY units have been 
connected with either a lateral inflow units to create an inflow into one or more units with 
a magnitude based on the water surface area of the receiving unit. A REBDY unit must 
either be connected to exactly one lateral inflow unit or to any number of lateral inflow 
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nodes of river section units. This can then divide the resultant inflow across the network 
accordingly. The lateral inflow unit must have its distribution method set to AREA for the 
REBDY unit to apply correctly. 
6.1.4 Abstractions 
Identifying the amount of water that is being extracted from a river is normally 
carried out by the traditional method. Traditionally, compare two conservative gauge 
stations readings located along the river. This methodology, however, doesn’t quite fulfil 
the main aim of the research which is determining how the Evapo[transpi]ration affects 
Tigris River. That is because the results of the traditional method take all the losses in 
the account as river abstractions, and do not show the impact of each water balance 
element individually. This section suggests to consider available data show the 
population growth rates from seven Iraqi governorates (main cities) located along the 
river, Table 6.6 (provided from the Iraqi government and also made available in 
(Citypopulation.de, (2015)) and Figure 6-14, and 500m3/inhabitant/yr to represent the 
water demand with the model. The value 500m3/inhabitant/yr is the water withdrawal per 
capita as per a factsheet about mentioning the water situation in Iraq published by the 
Joint Analyses Unit – UN. That value equals to the Total water withdrawal (summed by 
withdrawn for agricultural, industrial and municipal purposes) divided by the Total of 
population. 
Table 6.6: National Periodical Census for Iraqi Governorates located along the study area 
Governorates Area Population 
 (km²) C 1977-10-17 C 1987-10-17 C 1997-10-17 P 2011-07-01 E 2014-01-01 
Arbīl 14,471 541,500 770,439 1,095,992 1,612,700 1,749,900 
Baghdād 734 3,189,700 3,841,268 5,423,964 7,055,200 7,665,300 
Kirkūk 10,282 495,400 601,219 753,171 1,395,600 1,508,900 
Al-'Amārah 16,072 372,600 487,448 637,126 971,400 1,050,600 
Al-Mawṣil 37,323 1,105,700 1,479,430 2,042,852 3,270,400 3,524,300 
Tikrīt 24,751 363,800 726,138 904,432 1,408,200 1,509,200 
Al-Kūt 17,153 415,100 564,670 783,614 1,210,600 1,303,100 
  6,483 ,800 8,470,612 11,641,151 16,924,100 18,311,300 
  Chapter Six: River Modelling 
149 
 
Figure 6-14: Population Growth Distribution from Seven Main Cities Located along Tigris River 
The figure above clearly represents the considerable increasing in population of Iraq. A 
simple calculation process using the above values to get CAGR or the compound annual 
growth rate is conducted.  
𝐶𝐴𝐺𝑅 =  ((𝐸𝑛𝑑𝑖𝑛𝑔 𝑉𝑎𝑙𝑢𝑒)/(𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑉𝑎𝑙𝑢𝑒))
1
𝑁𝑜.𝑜𝑓 𝑌𝑒𝑎𝑟𝑠 − 1 
The total population from the first census (c1977-10-17) which is equal to 6,483,800 
represents the starting value, and the most recent census (E2014-01-01), 18,311,300, 
represents the ending value. The number of years is considered for the period between 
the first and the last censuses (1977 – 2014) which about 37 years. Out of that, the 
CAGR equals to 2.85%. It indicates that the population is in a continuous increasing. 
Seven ISIS abstraction units (represent the seven major cities along the river) were 
employed at this stage to assess the Evapo[transpi]ration impacts on the water flow and 
water levels along the river.  
6.1.5 Normal/Critical Depth Boundary 
An ISIS normal/critical depth boundary (NCDBDY) unit was set after the last river 
section of the downstream (at the end of the system). This unit is meant to enable the 
users to specify a downstream boundary condition and automatically generates a flow-
head relation based on the previous section data. This facility has been applied as an 
alternative to the flow-head boundary which cannot be supplied to the model as there is 
a sever lack of data about it. Through this process, the slopes (i.e. Bed and Water 
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Surface) were automatically generated by taking in the account several consecutive 
nodes (cross sections). 
6.1.6 Tigris Model Description 
All the boundary conditions units required to run the model have been set 
including QT (Flow-Time) for the main reach and the other main tributaries, River section 
which have been developed using GE and 3DRoutBuilder, 7 abstraction unites as well 
as ET modelling units, etc. About 1250 river section units plus the other boundary 
condition units meant to be utilised within the model in one go, but due to the limitation 
of the provided hydraulic model which has capacity to model open channels with only 
1000 node. It has been decided to break down the main model into three individual 
models (Northern , Middle and Southern regions), this was also to over tack the problem 
of adding interpolated river section units (more nodes) which are recommended to be 
added by ISIS to facilitate the run by reducing the un-convergence modelling. 
To implement the break down process successfully, initial boundary conditions were 
required to run the other models (the middle and the southern). To over tack this issue, 
it has been decided to utilise the downstream simulated outputs (flow/stage) to represent 
the initial boundary conditions for the following region and so on with a chance to check 
the model(s) performance from time to time. It has been decided to stop inserting more 
generated river sections when the model development reaches the last point just before 
Tigris inters Amarah City (Figure 6-15). Modelling Tigris River at the southern region 
becomes more difficult as it starts branching into several small channel (converted from 
a single thread channel to multiple channel with highly sinuosity) and also into some 
marshes. 
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Figure 6-15: Iraqi Marshes Map quoted from ‘’UNEP Study Sounds Alarm about the Disappearance of the 
Mesopotamian Marshlands’’ 
 
Figure 6-16: Schematic of full ISIS-Tigris structure 
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6.2 Tigris Steady State Modelling Results 
Steady state is where the modelling takes a “snapshot” of the river reach at an 
instant in time. It therefore represents one condition of flow and cannot investigate 
something that happens over a period of time. 
The ISIS model of the Tigris was first run in steady state mode for the highest historical 
discharge record. As a result, water levels were investigated over the entire reach length, 
with the aim being to determine the change in water level at each CS along the Tigris 
and also to check the developed river model and look at different options of cross-section 
shapes and sizes. 
Both direct steady-state and Pseudo-timestepping methods to optimise run-time and 
enhance model stability are available in ISIS – 1D (Halcrow et al., 1999). 
Results of the direct steady state solution method are only shown in this section for 
several reasons: (i) it is applicable to in-bank flow regimes; (ii) it is very fast and accurate 
and requires very little initial data. Whilst time-stepping method requires a big and 
accurate time step data to develop initial conditions for unsteady simulations, which could 
not be done due to the severe lack of data. 
The historical flow record for September - 1972 has been utilised as the discharge initial 
boundary condition. This record is the highest recorded flow event (3645m3/sec) 
recorded during the study period of 1970 – 2000. 
A 6 km reach which is outlined in section 6.1.2 - Table 6.6 was used to assess the 
reliability of the steady state simulations. Five of the observed CSs are located in this 
reach. Four models were established utilising river profiles made from (i) observations, 
(ii) 3DRB, (iii) interpolation; and (iv) 3DAnalysis, as outlined in section 6.1.2. The 
September 1972 flow event was used as well to examine the capability of each model to 
handle high events. The results were four water stages illustrated in Figure 6-17. 
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Figure 6-17: Steady state river stages for four generated river profiles. 
Figure 6.31 above shows a compression of predicted water stage resulted by 
incorporating observed river profile (blue curve) against the others which were produced 
by incorporating river profiles generated by Google Earth and 3DRoutBuilder (in red), 
SRTMGL3 and 3Danalest (in green) and interpolated river profile (in purple). All these 
stage profiles follow the same trend decreasing. The assessed slope along the 6km 
reach is about 0.0005 for the all the generated profiles. However, 3Danalest model is 
noticeably underestimating water levels along the examined reach. That is another 
reason why the methodology has been excluded of generating river profile. 
Simulated water levels were slightly underestimating the upstream water levels of the 
reach. That could be happened because river profiles generated by GE3DRB and from 
river banks’ interpolation are deeper and less featured. In another word, the modelled 
river profiles are less water-river bed friction. For the same reasons that the purple curve 
is almost flatted when it is compared to the green and blue. Correlation coefficients were 
calculated for the water levels which look already closer. (R2) and Nash-Sutcliff 
coefficients are 0.94 and 0.86 respectively for GE3DRB model. As for the interpolated 
model (R2) and Nash-Sutcliff coefficients are 0.84 and 0.63. The model which is 
S39 
S46 
S49 
S63 
S64 
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generated by incorporating interpolated river profile is limited only to this reach in 
particular, because it can only be generated from available river bank topographical data. 
And according to the correlation analysis as well, the GE3DRB model shows very well 
corresponding to the water levels predicted by the observed river profile model. 
The latest findings give more confidence of the capacity of the developed Tigris model 
to produce the predictions required for the next step using the steady state simulation. 
The resulted water level of the entire examined reach is illustrated in Figure 6-18: 
 
Figure 6-18: The Generated Tigris model by Incorporating September 1972 event and GE3DRB. 
The steady state run results will be used as the initial flow boundary conditions the 
unsteady run. Moreover, the results of the steady state run showed sufficiency of the 
input data including node spacing, model convergences, flow, storage etc. The water 
level has exceeded the river bank levels only in few locations along the river, mainly in 
the middle region. That could be due to ignoring the water consumption at this stage or 
the model would require ideally more cross sections to be incorporated at higher 
frequency, especially during the middle region section. 
6.3 Tigris Un-Steady-State Modelling Results 
The investigated study period from 1970 to 2000 suffers from discontinuity in data 
availability mainly due to political instabilities especially between the year 1980 and 1988, 
the Iraq – Iran war, and also the gulf war in 1991. Although the Gulf war did not take 
Southern Region 
  Chapter Six: River Modelling 
155 
longer than 6 months, it has badly affected the country’s infrastructure. This war was 
also followed by economic blockade until 2003 which led to the water resources issues 
taking a lower priority for many years. Over the time, considerable amount of data were 
missing. It was decided to utilise ISIS 1D unsteady state condition modelling for the 
periods only when discharge data were available and to predict water levels and also 
whenever water levels data is robust, water flow can be produced. 
The unsteady state modelling requires variation of the discharge and water levels inputs 
over time at the upstream and downstream end of the investigated study areas 
respectively. Estimations of the initial conditions of flow and stage are required at every 
model node. Carrying out a steady state runs for the flow and water stage simulation in 
at the proposed start time was useful when changes in how the water is stored in the 
river during a period of flooding or shortage. 
It was decided to set the time-step of unsteady calculation of the model for every 1hr to 
retain a continuous stability of along the model within the examined period (1970 – 2000). 
Other time-steps were tested (e.g. 2hr and 3hr), however model instability and large 
conveyance were recorded. The developed unsteady state model facilitated in identifying 
how the flow varies over a period of time from a few days to a few years, and substitute 
the missing flow data required as the water flow in this case the key element to be care 
of because the river losses need to be assessed. 
 
Model calibration followed with the main aim being to quantify errors and improve model 
performance. Consistency, improved production yields, and the assurance of accuracy 
of predictions over all will be obtained. 
The calibration of a hydrodynamic model will be completed by systematic adjustment of 
the channel roughness parameter to alter the modelled water level until obtain a 
reasonable agreement to the observed water level data. For good calibration a large 
amount of observed data are required as the calibration will only be as good as the 
observed information (Beevers, 2003). This theory is applicable when assuming that the 
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observed data is error free. As it was mentioned above, the intense lack of data made it 
impossible to build an entire model to simulate changes in a river like the Tigris 
impossible. It will be recognised of measured data calibration accuracy. However, it is 
still valid to rely on the actual located information. 
The unsteady state Tigris river model was run for the entire investigated time. Because 
the academic ISIS model licence is limited to 1000 nodes only. The whole reach was 
divided into three separate models (Northern, Middle, and Southern regions) as outlined 
above (see section 6.2, Figure 6-18). The resulting downstream information from the 
upper model was fed in to the following model sequentially as upstream boundary 
condition for that model, and so on. This facilitated all model outputs information at any 
desirable time for any point along the reach for calibration and validation purposes for 
the assessment of the water losses. 
 
For roughness calibration the channel roughness parameter Manning’s ‘n’ was used. A 
range of Manning’s numbers was obtained from different sources. The model is set by 
default to n = 0.01. The literature suggests a range between 0.0285 to 0.035 in the main 
channel and 0.04 – 0.05 for the floodplains. The software WinXSPRO which was used 
to evaluate the river cross sectional characteristics, it calculates Manning’s number as 
well. It suggests that the roughness parameter when considering all the 14 observed 
cross sections along the reach from north to south is a range from 0.017 – 0.02. The 
obtained Manning’s (n) numbers (from model default, Literature, and WinXSPRO) is a 
range vary from 0.01 – 0.05, that is presumably due to differences in measurements and 
considerations. Nevertheless, that gives a change to assess a wide range of manning 
numbers on the performance of the Tigris as it is illustrated in Figure 6-19. 
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Figure 6-19: Calibration – Simulated vs Measured Water Levels at the Downstream End of the Northern 
Region – at Cross Section 322. 
A set of water level observations was used for a gauge station located at the last point 
of the northern model (cross section 322) from Jan – 1970 until April 1973 and compared 
against sets of water levels for different roughness values ranging from n = 0.01 to n = 
0.04. These observations are very dispersed but still can represent the seasonal 
temporal distribution of the water level at that location. 
The model was first run in default mode, n = 0.01. It gave a good trends corresponding, 
however, while the observations were set in the 15th of each month, the model takes it 
as in the 1st of the month. The resulting model river levels at that location recorded 
between 1.5 – 2m lower when compared to the observations. Consequently, a series of 
simulations where carried out using a range of higher Manning’s numbers ranging from 
0.015 to 0.05 and increases at 0.005 intervals. 
 
As shown in Figure 6-19, the results of simulations for n = 0.015 and 0.02 were excluded 
from the graph because obviously until simulation n = 0.025 on ward it became closer to 
the observed data but still not quite there yet. Simulations for n = 0.045 and 0.05 are 
excluded as well because simulation for n = 0.04 is already exceeding the observations 
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and also from n = 0.04 up is characteristic for vegetated floodplain roughness 
parameters, and here, the in-channel flow is being examined. 
 
Calibration of the model for the selected period shows a reasonable correspondence 
between the practiced and observed data. The values which have been generated for 
the Tigris in low and high flows show that for n = 0.03 predicted and observed water level 
records compare best overall (R2 = 0.83). However, for n = 0.035 for the dry season 
predicted even better (R2 = 0.91). Roughness parameter (n = 0.032) was applied to 
reduce the error for the examined period fixed to the whole model. For all of this, it is 
necessary now to conclude that with data available and the procedure followed, the Tigris 
model has been calibrated satisfactorily and to the best extent possible considering the 
data availability. 
6.4 Tigris Model: Validation 
Information extracted from the last point of the Tigris reach in the middle region 
model was considered for validation of the model. Cross section 640 which was the last 
cross section for the middle region model also represents the location of a gauging 
station providing flow and water level information of the river. Water level information for 
the study period from1970 to 2000 was extracted from the model as shown in 
Figure 6-20. Following on from the calibration process, the validity of the developed 
hydrodynamic model performance was checked against measured data in different 
location for the period from January 1978 to January 1981. Those three calendar years 
can be considered as the driest within the study period, can be seen in Figure 6-21. 
The validation results again show a good correspondence with no more that 15% 
difference (or R2 = 0.85). This validation result could be improved by not defining a single 
roughness coefficient for the whole channel but by differentiating the parameters along 
the channel and set it for all cross sections individually. 
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The limited amount of available field information was the biggest challenge in this study 
and meant that it was impossible to cover the entire selected periods (1970 – 2000). 
However, the available data were considered to be sufficient to estimate the performance 
of the developed model. 
 
Figure 6-20: Simulated Water Level for the Study Period (1970-2000) at Cross Section 640. 
 
Figure 6-21: Validation of the Simulated Water Level for the Driest Period (from 1978 to 1980) of the Study 
at Cross Section 640. 
6.5 Summary 
This chapter showed the construction of ISIS 1D for the river Tigris. The 
construction of the model was completed using the data provided by the Iraqi Ministry of 
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Water Resources including historical data sets of river discharge and water levels 
including several tributaries alongside with the main water quantities which flow in the 
main reach. A part of the provided data was 14 surveyed river cross sections. 
Evapo[transpi]ration data sets developed in chapter 5 of the study period from 1970 – 
2000 was incorporated in the developed model to study the impact of this variable on 
water quantities of the Tigris. 
The water consumption rate that represents the human activities including domestic, 
industry and agriculture is an ambiguous issue and not clearly reported. Accordingly, this 
water amount had to be assessed. 500m3/capita/year is considered the water demand 
for the people who live in this region as per the UN. The last five censuses for the 7 cities 
located on the river were unitised to calculate the water demand and also the 
increasing/decreasing rates. A population increase of about 2.85%. This value naturally 
varies from city to city according to the size and the population density. All of those details 
and assumptions were employed to generate seven abstraction units within the model 
to represent the water consumptions from each city along the river. 
The obtained river cross sections helped to identify the river characteristics as well as to 
evaluate the performance of newly employed method to generate a simple yet detailed 
river profile for the Tigris. 1250 river cross sections along the 850km stretch were 
generated using 3DRoutBuilder and Google Earth topographical layers over the Tigris 
Basin. The suitability of the generated cross sections was evaluated against the 
observations and other well-known resources. Investigations based on statistical 
comparisons in addition to preliminary tests were carried out, and the results confirmed 
that this new methodology is the best available method considering the research 
limitations. There was a lack of sensitivity analysis because of the lack of the observed 
data/cross sections.  
Once the Tigris model was built, steady and unsteady state runs were executed 
respectively. The steady state runs were carried out to check whether the developed 
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model can handle extreme events and also to generate flow and water levels whenever 
it is needed. 
After completing production of the required data sets, the model was calibrated using 
observed data, including discharge records, measured from January 1970 to April 1973. 
This set of data showed good correspondence for the simulated water levels including 
low and high flow events. Several runs were carried out to identify the best river bed 
roughness parameter for the model. Manning’s numbers ranging from 0.01, the model’s 
default, to 0.05 for vegetated floodplain were incorporated to specify the most suited ‘n’. 
0.03 and 0.035 Manning’s numbers performed the best overall. However, n = 0.035 gave 
only 9% difference in the predicted dry event of the calibration period (January 1970 to 
April 1973). Roughness parameter n = 0.032 was applied to reduce the error for the 
examined period and fixed for the whole model. The gained model efficiency matches 
observations well. To obtain further confidence in these results, the model successfully 
produced simulations for water levels for the entire period of study (from 1970 to 2000). 
The simulated water levels matched well historical records from January 1978 to October 
1980 obtained from a gauge station located on the last point of the modelled middle 
region well. 
The Tigris model was calibrated and validated not only for the hydraulics but for the water 
losses (population consumption and ET) simulations as well. From now on, it is possible 
to generate all the necessary information and apply it to long-term predictions required 
for water balances studies and applications. 
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 River Losses Assessment and Water 
Balance for Tigris 
To assess the Tigris water sustainability, it is important to simulate discharge 
changes over an extended period of time. These type of long-term simulations have been 
carried out using the one – dimensional hydrodynamic modelling package ISIS. The 
model development process is described in depth in chapter six. 
Several steady state model runs have been executed to predict missing river discharge 
data for the study period of 1970 to 2000. After incorporating all the river’s main 
tributaries, available river level data were used to simulate discharge values that can fill 
the discharge observations’ gaps. Discharge output data of the northern model were 
used as an input for the middle region model and so on for the southern region model. 
The calibration and validation processes were found to be promising considering the 
limitations of the modelling process and existing data. 
Unsteady state simulations were carried out for three scenarios for each region. The first 
simulation scenario only considered discharge of the main reach of the river during the 
period of study including tributaries. The second scenario of simulations was carried out 
also incorporating the population consumption rate for the cities the Tigris flows through. 
The third simulation scenario was carried out incorporating ET data sets for each region 
which were the result of simulations carried out in chapter 5. 
This chapter presents the results of the long-term discharge simulations carried out for 
the Tigris. In the following sections, the water quantities lost from the Tigris during the 
period from 1970 – 2000 will be quantified and analysed. In addition, a water balance 
study and an initial future prediction of the water resource situation of the Tigris river 
basin based on the current conditions will be attempted. 
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7.1 Tigris Northern Region Model 
Figure 7-1 shows a Google Earth image of the northern Tigris region. In addition, 
it shows a longitudinal section which was developed using 3DRoutBuilder for the Tigris 
river at the starting point selected for this research study, namely Mosul Dam all the way 
down to model cross section number 340. River cross section #340 is located in area 
exactly between Baiji city and Tikrit. This point (cross-section #340) also represents a 
gauging station location; it provides discharge and water level information about the river 
which was used for calibration purposes in chapter six. The longitudinal section shows 
the changes in topographical elevations from the upstream to the downstream of that 
river. Although there were only few observed river cross sections available, they 
correspond well with the modelled river profile elevations. 
 
 
Figure 7-1: The Tigris northern model reach – an image by Google Earth and model river and water 
elevations 
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The green and purple lines within the figure represent the river left and right banks, 
respectively, in that region. In general, the representation of the river banks is working 
well. Some high river bank points were recorded reflecting the mountainous nature of 
that region. The main channel flow of the Tigris starting at Mosul Dam and two tributaries 
were modelled, namely the Great Zab and Lower Zab tributaries. The blue line in the 
figure represents the water elevation along the Tigris reach which is the resulting water 
stage of the steady state run for the model considering the Sep-1972 event (the highest 
recorded flow). 
Accordingly, the river slope found is approximately 0.00028 downstream from Mosul 
Dam, the upstream boundary of the modelled domain. This value corresponds with the 
slope calculated using observations in chapter six. 
Figure 7.2 shows the model discharge results for the investigated period of 1970 to 2000 
at the most downstream cross section (# 340) and how the river is affected by the flow, 
abstractions and river losses including Evapo[transpi]ration. 
 
Figure 7-2: Tigris River, Water Losses_Northern Region 
There is a slight increase of %0.067 in the amount of water received into the model 
domain during the entire period of study from 1970 until 2000. In addition, the figure 
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above gives clear evidence that the upstream water releases’ pattern is changing over 
time. These releases exceed 3000 m3/sec in the wet season and about 500 m3/sec in 
the dry season from the beginning of the study period until the 1990’s. From the middle 
of the first quarter of the 1990’s and towards the end of the study period, the much larger 
quantities (a range between 650 to 1000 m3/sec) of water were released during the dry 
season. However, the records showed much less water (a range between only 1500 to 
1800 m3/sec) was released during the wet season than previous. The potential for 
changing the water releases’ pattern is a direct result of the implementation of a number 
of hydraulic projects in the upstream countries. 
The modelled discharge data shows considerable reduction over time which is thought 
to be a result of either abstractions or from other river losses, i.e. Evapo[transpi]ration. It 
should be noted that the discharge, especially in the dry season, due to abstractions and 
other river losses reached its lowest rate from the mid 1980’s. The reason could be the 
limited available information about ground water exchanges/losses with/to the river 
channel and about the quantities of water which are being returned back to the main 
reach, e.g. waste water treatment, sub-basins; small rivers linked the main system, etc. 
Table 7.1 summarises the discharge changes due to these variables for the Tigris 
northern model region: 
Table 7.1: Discharge values for the most downstream cross section (#340) of the Tigris northern model. 
 
Total water 
received 
Abstraction 
considered 
Abstraction + ET 
considered 
Changing over the period from 
1970 to 2000 
+0.067% -0.002% -0.005% 
Max 3644 m3/sec 3560 m3/sec 3475 m3/sec 
Average 1215 m3/sec 1032.2 m3/sec 976.4 m3/sec 
Min 290.4 m3/sec 27 m3/sec 8.5 m3/sec 
Total amount of water received 
over the period from 1970 to 2000 
437395 m3/sec 335587 m3/sec 315514 m3/sec 
Even though there is the slight increase in the annual discharge received as upstream 
releases over the study period (about 0.067%), overall a reduction can be observed. This 
is believed to be caused by the increase in population rate and also by ET. The overall 
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water consumption in this region is about (average annual) 180 m3/sec from the total 
discharge of in addition to more than 65 m3/sec caused by ET. The amount of water lost 
by ET over the investigated period (from 1970 to 2000) is about 20100 m3/sec/region 
area. For the northern Tigris river region, population increase, implementation of dam 
structures and reservoirs along the river and also the climate change which is 
represented by the Evapo[transpi]ration have clearly started to have more effects in this 
region. The impact of the water losses on the flow is manifested especially, during the 
dry seasons and also increasingly towards the end of the study period and since first 
quarter of the 1990’s in particular (0.23% reduction). 
7.2 Tigris Middle Region Model 
Discharge data set for the study period from 1970 to 2000 was extracted from the 
most downstream cross section in the Tigris northern model and was fed into the Tigris 
middle model as discharge upstream boundary conditions for the middle model. 
Figure 7-3 shows the location of the middle region alongside with developed a 
longitudinal section of the Tigris River starting from the first point selected for this 
research, namely cross section 340, all the way down to cross section #640 in the model. 
The river reach goes through Baghdad (the capital of the country). Relatively higher 
population rate and more hydraulic projects, industrial and agricultural areas are excited 
within this region. Much more water consuming is expected. River cross section #640 is 
located in the Kut city 170 km south-east of Baghdad. The main reach of Tigris has about 
300 km length in this area. The longitudinal section shows also the changes in 
topographical elevations from the upstream to the downstream of that river. Although, 
there were only few observed river cross sections available in this case as well, they 
correspond well with the modelled river profile elevations. The river banks and river bed 
representations from the northern region were repeated for this case again. The main 
channel flow and two tributaries were modelled including the ongoing Tigris and water 
that feeds in to the river from the Adhim and Dyala tributaries. The blue line in the figure 
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represents the water elevation through the Tigris reach which is the resulting water stage 
due to the steady state run for the model considering Sep-1972 event (the highest 
recorded flow). 
Less significant changing in river slope was recorded, about 0.00018 resampling the 
flatted topographical nature of the region. This value corresponds the slope calculated 
using observations in chapter six as well. 
 
 
Figure 7-3: The Tigris middle model simulated by Google Earth and 3DRoutBuilder 
The figure above shows that the developed river profile can handle extreme events very 
well. The water level has exceeded the river bank levels in a short distance with the 
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reach. It could be due to the limitation of the suggested methodology in generating the 
river cross sections, as it could not measure deeper cross sections. 
Figure 7-4 shows the model discharge results for the period from 1970 to 2000 at the 
most downstream cross section #640 and how the river is affected by the flow, 
abstractions and river losses including Evapo[transpi]ration in the middle region. 
 
Figure 7-4: Tigris River, Water Losses_Middle Region 
Additional quantities of water came from the tributaries in this region helped to cause an 
unnoticeable increasing in the trend of the discharge which flow through the river reach 
in this region. The discharge seasonal changes over the time in this region dramatically 
followed the previous region releases pattern. The monthly average discharge values 
over the time were noticeably increased as well. However, a slight decreasing in water 
quantities inherited from the northern model was recorded. 
The trend of the modelled discharge values in this part of the reach was showing 
considerable reductions in water quantities over time either from abstraction only or from 
river losses. It should be noted that the modelled discharge due to abstractions and river 
losses reached its lost rates more often compare it to the previous model. This situation 
happened especially in the dry seasons over the studied period. The reason behind this 
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could be again because of the research limitation to access further information about the 
water ground changes and the quantities of water back to the main reach from other 
water resources (e.g. waste water treatment, sub-basins, small rivers linked the main 
system, etc.). In the following, Table 7.2 summarises what was happening due to the 
considered variables for the middle region flow: 
Table 7.2: Statistics obtained from the most downstream cross section (640) of the Tigris middle model. 
 
Total water 
received 
Abstraction 
considered 
Abstraction + ET 
considered 
Changing over the period from 
1970 to 2000 
-0.005% -0.18% -0.205% 
Max 3910 m3/sec 3820 m3/sec 3747.4 m3/sec 
Average 1119 m3/sec 850.4 m3/sec 804.2 m3/sec 
Min 134.3 m3/sec 15 m3/sec 2.4 m3/sec 
Total amount of water received 
over the period from 1970 to 2000 
40400 m3/sec 335587 m3/sec 318514 m3/sec 
As shown above, there is a relatively slight downward inherited trend in the received 
water quantities over the period of study, which is almost unnoticeable recorded (about 
0.005%). there is also a sever reduction recorded caused by the increasing in population 
rate and also by ET. There is more than 270 m3/sec difference by considering the 
average water quantity in addition to more than 46 m3/sec caused by ET. The total 
amount of water lost by ET over the time is about 17000 m3/sec/region area only from 
the middle region. 
The developed hydraulic structure along the river (e.g. dams, reservoirs, etc.) and also 
the climate change which is represented by the Evapo[transpi]ration also show more 
effects over time in this region, especially, during the dry seasons and also towards the 
end of the study period. Noticeably, the water consumption is relatively more in this 
region because the number of people live in this region is relatively bigger. Moreover, 
the ET losses is less in this region when compare it the previous model because the ET 
rate is relatively less according to the findings in chapter five. 
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7.3 Tigris Southern Region Model 
Discharge data set for the study period from 1970 to 2000 was extracted from the 
most downstream cross section in the Tigris middle model and was fed into the Tigris 
southern model as discharge upstream boundary. Figure 7.5 shows the location of the 
southern region alongside with developed a longitudinal section of the Tigris river starting 
from the first point selected for this research, cross section #640, all the way down to 
cross section #1170 in the model. The river reach goes through Kut city. It is considered 
as a relatively less population rate and industrial area but more agricultural land covered. 
River cross section #1170 is located in the Amarah city, 200 km south-east of Kut. The 
main reach of Tigris has about 345 km length in this area. The longitudinal section shows 
also the changes in topographical elevations from the upstream to the downstream of 
that river. There were few observed river cross sections available correspond well with 
the modelled river profile elevations. The river banks and river bed representations from 
the previous models were repeated for this case again. The main channel was modelled 
only (not tributaries involved). The blue line in the figure represents the water elevation 
through the Tigris reach which is the resulting water stage due to the steady state run for 
the model considering September 1972 event (the highest recorded flow). 
Relatively, much less significant changing in river slope was recorded, only 0.000075 
resampling the flatted topographical nature of the region. This value corresponds the 
slope calculated using observations in chapter six as well, Figure 7-5. 
 
 
 
 Chapter Seven: Tigris River Losses Assessment & Water Balance 
171 
 
Figure 7-5: The Tigris southern model simulated by Google Earth and 3DRoutBuilder 
The figure above shows that the developed river profile can handle extreme events very 
well. It has not been recorded that the water level exceeded the river bank levels. It could 
be because the reach depth is relatively shallow and the water quantity is relatively much 
less. Figure 7-6 shows the model discharge results for the period from 1970 to 2000 at 
the most downstream cross section #1170 and how the river is affected by the flow, 
abstractions and river losses including Evapo[transpi]ration in the middle region. 
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Figure 7-6: Tigris River, Water Losses_Southern Region 
Purely inherited water quantities reduction was recorded in this model based only on flow 
information from the previous model (about -0.205%). The discharge seasonal changes 
over the time in this region dramatically followed the previous regions releases pattern 
as well. In addition, the trend of the modelled discharge values in this part of the reach 
was showing considerable reduction in water quantities over time from abstraction and 
river losses. It should be noted that the modelled discharge due to abstractions and river 
losses reached its lowest rates even more frequent in comparison to the previous 
models. The reason behind this could be because of the research limitation to access 
further information about the water ground changes and the quantities of water back to 
the main reach from other water resources (e.g. waste water treatment, sub-basins, 
small rivers linked the main system, etc.). In the following, Table 7.3 summarises what 
was happening due to the considered variables for the southern region flow: 
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Table 7.3: Statistics obtained from the most downstream point, cross section #1170 of the Tigris southern 
region model. 
 
Total water 
received 
Abstraction 
considered 
Abstraction + ET 
considered 
Changing over the period from 
1970 to 2000 
-0.205% -0.09% -0.075% 
Max 3747.4 m3/sec 3722 m3/sec 3684 m3/sec 
Average 804.2 m3/sec 728 m3/sec 698 m3/sec 
Min 134.3 m3/sec 0.7 m3/sec 0.25 m3/sec 
Total amount of water received 
over the period from 1970 to 2000 
318514 m3/sec 262891 m3/sec 252064 m3/sec 
There is a sever reduction in modelled water quantities recorded in this case caused by 
relatively increasing in population rate and also by ET. There is more than 80 m3/sec 
difference by considering the average water quantity in addition to more than 30 m3/sec 
caused by ET. The total amount of water lost by ET over the time is about 11000 m3/sec 
only from the southern region. 
It should be noticed that, the water consumption is relatively less in this region because 
the number of people live in this region is relatively less. Moreover, the ET losses is less 
in this region when compare it the previous model because the ET rate is relatively less 
according to the findings in chapter five. 
There was a great chance to validate the developed models and the produced 
information using flow date set available for the most downstream point in the southern 
model. Although, the available observation for that point has lots of information and 
values missing but it still a great correspondence for the developed results. No more 
19% difference was recorded using Nash-Sutcliff coefficient. This result can be 
considered as a very good achievement to the research considered the overall 
circumstances and limitations. And for that, the resulting flow values can be considered 
for reasonable water balance study. 
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7.4 Tigris River – Water Balance 
The Tigris is one of the two great rivers that form the Mesopotamia, the other 
being the Euphrates. The Tigris flows south from the mountains of south-eastern Turkey 
through Iraq (Figure 7-7). 
 
Figure 7-7: Tigris and Euphrates river basin and the annual average precipitation. Source: UVicSpace, 
edited by the author 
The Tigris is 1,850 km long, rising in the Taurus Mountains of eastern Turkey. The river 
then flows for 400 km through Turkish territory before becoming the border between 
Syria and Turkey. This stretch of 44 km is the only part of the river that is located in Syria. 
The main channel continues southward and drains into the Hawizeh Marshes. Finally, 
the Tigris joins the Euphrates near al-Qurnah to form the Shatt-al-Arab. 
Water quantities of the Tigris are believed to be affected both by climate change impacts 
and human activities. Understanding these influences is vital to manage water resources 
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in the basin. Carrying out such work requires information about the basin hydrology, 
especially characterisation of long-term and seasonal streamflow, including both flood 
and drought. 
The flow of the Tigris in the upstream (as shown in the figure above – Turkey and Iran) 
is maintained by runoff of rainfall and snowmelt. Naturally, not all rainfall or snowmelt 
runs off. Some infiltrates the soil and is transpired into the atmosphere by plants or 
evaporates directly into the atmosphere or recharges the groundwater. 
The part of the Tigris reach investigated in this study starts at Mosul Dam in the north of 
Iraq, and stretches all the way to Amara city in the far south of the country. This reach 
was selected because the majority of the people in this basin are located along this river 
stretch. Moreover, the amount of water flowing through this part of the reach is believed 
to be subjected by severe climate change impacts and dependency of upstream 
releases. The total annual precipitation in the overall basin is considerably less than the 
Evapo[transpi]ration itself over this basin (Figures 7.7 and 7.8). 
 
Figure 7-8: Annual precipitation, Population Consumption rate, ET and the remaining river flow at the 
downstream point of Tigris Model  
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The balance between evapotranspiration and runoff is mainly influenced by the climate. 
Abstractions for irrigation, which is widely practiced within the Tigris basin, are known to 
have a significant impact on the Tigris discharge, especially in its downstream area and 
during and at the end of the dry season. The net effect of temperature rise, for example 
is conversion of water from runoff into evapotranspiration. Across the whole investigated 
reach, the water flow with about 1440 m3/sec, an average of 470 m3/sec equivalent to 
flow of Evapo[transpi]ration with about 1.2 percent increase is converted from the Tigris 
as a direct result of climate change every year (Table 7.4), alongside with no more than 
107 m3/sec equivalent to flow of precipitation. 
Table 7.4: Major terms in the water balance of the Tigris, 1970 - 2000. All flows are expressed as volumes 
of water of the basin per year. 
Process Mean m3/sec/yr Rate of Charge % 
Rainfall 107 -1.73 
Total Evapotranspiration 471 1.19 
Net removal of ground water - - 
Population consumption  300 2.85 
Tigris Discharge 1440 -0.96 
 
The aridity is a major attribute of this part of the basin and causes very little water being 
left to run off and recharge the Tigris after evapotranspiration extracts its share; most of 
the river’s discharge is from upstream releases. It varies accordingly and with time 
corresponding to variability in precipitation and evapotranspiration. 
Towards the end of the 20th century, the rate of noticeable increase of water losses and 
associated human-induced changes in evapotranspiration has constantly been going up 
(the total change in rate is about 3.2% over the study period from 1970 until 2000). Even 
if water losses were to stabilise in the future as it been assumed in this study, then further 
urgent increases in runoff would be needed in order to maintain the rate of discharge 
within the Tigris. "Water in Iraq fact sheet" report published in March 2011 by the IAU 
(UN Inter-Agency Information and Analysis Unit) stated that Iraq needs about 52 billion 
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cubic meter to meet the water demand in Tigris Basin by 2015, while this study concludes 
that the water amount flows along Tigris is only 44.8 billion cubic meter per year. 
It was impossible to accurately predict river discharge data sets until 2100, because the 
main boundary condition needed, the rainfall quantities are not enough across the whole 
basin to represent the discharge. However, figure 7.9 shows a linear extrapolation of the 
discharge based on the modified - modelled discharge values at the most downstream 
point of the entire Tigris model (river cross section # 1170).  
 
Figure 7-9: Statistical discharge prediction for the future of available water resources in Tigris. 
This relationship confirms the main message of an UN report from 22nd of March 2011 
warning that the Tigris could completely dry up but by the 2060. The decreasing rate of 
precipitation helped to make the water substitution much difficult and supported the 
increase in evapotranspiration losses. Absence of accurate assessment of ground water 
changes rate has made it difficult to assess the sustainability of water resources. 
7.5 Summary 
In this chapter, the water sustainability of the river Tigris in Iraq was assessed by 
carrying out a water balance study based on the findings of the previous chapters. River 
discharge data sets for the period from 1970 to 2000 were successfully used in computer 
simulations of the Tigris downstream from Mosul Dam. 
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Three individual models were set up for the 850km long reach of the Tigris and two major 
tributaries. Due to limitations of the hydrodynamic model the reach was divided into three 
regions (northern, middle and southern regions). Available precipitation data alongside 
modelled discharge and Evapo[transpi]ration information have been considered as the 
main elements of the water balance equation. Groundwater recharge (from the river 
channel) has not been included as a source of water losses in the modelling process 
because of lack of information of ground water levels and river bed permeability. 
Precipitation across the Tigris basin downstream from Mosul dam and which only 
contributes up to 10% of the total river discharge was included in conducting the water 
balance study. The analysis of the precipitation identified a reduction in the rainfall rate 
by 1.73% over the time from 1970 to 2000. The Evapo[transpi]ration which forms more 
than 29% of the water losses has been found to be increasing by 1.2%. In addition, the 
water demand will be increasing proportional to the increase in population which is at 
2.28% over the same time period. 
As per the Iraqi Water Resource Ministry, the Tigris needs about 52 million cubic meters 
a year to fulfil the overall water demand. However, the water balance conducted in this 
study shows that the Tigris received only about 44.8 million cubic meters a year on 
average during the examined period as releases from the upstream countries. Moreover, 
a simple prediction based on water availability shows that the water flows in Tigris could 
be completely dried out by 2060. 
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 Conclusions, Limitations and 
Recommendations for Further Study 
8.1 Research Conclusions 
The aim of this research is to give a better understanding of the impact of climate 
change on arid and semi-arid basins located in a developing country. Evapotranspiration 
(ET) is considered to represent the climate change impacts on these areas. The potential 
usage of Google Earth as a source of geometrical to obtain river profiles for rivers located 
in area with severe lack of data, was investigated in this study to aid research in 
developing countries. 
With not many details and further explanations available, the media picked up the news 
that the UN announced on 22nd March 2011 (the International World Water Day) that the 
large rivers (Tigris and Euphrates) will become completely dry in the close future. Despite 
the severe lack of background information regarding this announcement, it was the main 
motivation of this study. Accordingly: 
 A thorough investigation based on literature was made to identify the state-of-the-art 
technologies used to establish river losses and water balance studies for rivers 
located in arid and semi-arid regions. 
 Based on critical literature review, large amounts of different data sets, including 
hydro-meteorological and high resolution topographical information are required. 
Complex political situation and the fact that this region is considered as a developing 
country make obtaining and accessing the necessary data sets very difficult. The Iraqi 
water resources ministry thankfully collaborated by providing prerequisite information 
including some exclusive data sets to aid the objectives of this research. However, the 
provided information needed reformatting and editing works to make them more user-
friendly. 
 Some data rescue actives including digitalisation were carried out by the author.  
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A reasonable amount of information including meteorological, river flow, water level and 
some river cross section data were obtained. The main attribute of the obtained data 
sets was discontinuity and gaps over the investigated time period from 1970 to 2000 
considered usable to calibrate and validate purposes. 
 The source of the flowing water in the examined part of the reach originates mainly 
from upstream releases.  
In fact, one of the main conclusions of this research is that runoff river recharge as a 
result of precipitation forms less than 10% of the total amount of water flowing within the 
river Tigris from its main tributaries and Mosul Dam in the north of Iraq. By presuming 
that the upstream releases are the main source of water to meet the water demands, the 
quantities of water which are removed from the river surface (evaporation) and the 
surrounding soil (transpiration) are considered as the river losses. Because of that, the 
meteorological data available, including maximum and minimum temperature, maximum 
and minimum humidity, wind speed, solar radiation and atmospheric pressure for the 
period from 1970 to 2000 (from three gauging stations along Tigris – Mosul, Baghdad 
and Basra) were used to model evapotranspiration data sets over the selected area. 
 A comparative analysis of five well known potential evapotranspiration models was 
carried out.  
The performance of those models (Shuttleworth and Wallace, Penman-Monteith -FAO 
56, Priestly Taylor, McNaughton and Black and Hargreaves and Semani) (selected 
respectively according to their complexity in terms of the number of variables used) was 
assessed against the available Evaporation Pan class A data sets. The Hargreaves and 
Semani model was selected not only because of its performance (NSE = 0.79, 0.71 and 
0.92 for the northern, middle and southern regions respectively), but also because it is 
the simplest among the others. 
 Hargreaves and Semani model was used to reconstruct the available Evaporation 
Pan class (A) data sets over the study period. 
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The analysis of the results shows that the southern region which is known to be the 
hottest of the three has a lower river losses rate in contrast to what was expected when 
compared to the upper regions which are meant to be relatively cooler. However, the 
produced data sets do not represent the actual river losses yet, as all of the used 
methods including evaporation pan class (A) produce potential losses. A relationship 
was built to calculate the actual river losses, which is summarised as follows: 
0.85 x reconstructed Evaporation Pan class A values over time + 0.2 x modelled potential 
evapotranspiration = actual water losses from the river = Evapo[transpi]ration. The 
resulting average Evapo[transpi]ration losses are about 24 mm/day. The losses could 
reach about 61 mm/day across the river basin in hot seasons. 
 The statistical down scaling model (SDSM) version 5.1.1 was used in this study to 
identify the future climate change impact on the evapotranspiration and in turn the 
impact of the evapotranspiration on river losses.  
NCAR reanalysed daily surface evaporation data sets were found suitable to be used 
instead of ET observations (NES = 0.65). It was found in this study that the process of 
predicting the future changing rates of the evapotranspiration directly is more feasible 
compared to the traditional methods where temperatures and precipitation data is 
needed. The IPCC A2 and B2 climate change scenarios were considered in the 
evapotranspiration future projection. The results showed no evidence that the 
evapotranspiration rate will stop increasing even after 2100. In considering the selected 
climate change scenarios (IPCC A2 and B2), the increases recorded were 1.95 mm and 
1.1 mm respectively on average across the river basin. 
 The impact of the resulting Evapo[transpi]ration losses on the river flow over the 
studied time scale was assessed using a hydrodynamic model.  
The capacity of ISIS – 1D, as a well known hydrodynamic flow and water level simulator, 
to model 850 km of Tigris River in Iraq was tested in this research. The construction and 
running of the model was facilitated by using the data provided by the Iraqi Ministry of 
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Water Resources including historical data sets of river discharge and water levels for 
several tributaries alongside with the main water quantities of the main reach. 
 The main challenge was obtaining a profile for a river located in a developing country 
such as Iraq with no high resolution Lidar or airborne data set available.  
The in-channel profile of the river had to be reasonably represented for the assessment 
of the shortage of water in the river. One of the major findings of this research was the 
use of Google Earth as reliable source of generating river cross section for a river like 
the Tigris with a wide and shallow channel and severe water shortage. This process was 
carried out using 3DRoutBuilder. This method showed to be a good avenue for those 
who are interested in modelling rivers which are smaller than the Tigris, in particular. 
The resulting river cross sections correspond well with observations obtained from 
different locations along the river. Once the Tigris model was built, steady and unsteady 
state runs were executed. 
 Steady state runs were carried out to check whether the developed model can handle 
extreme events and also to generate flow and water levels to fill the gaps in data sets 
(either flow or water level information).  
The Tigris model was calibrated and validated for the hydraulics and also for the water 
losses (population consumption and ET) simulations, to generate all the necessary 
information for and carry out the long-term predictions needed for the water balance 
study. 
 Water balance analysis was carried out over the examined reach. It shows that the 
recharge from precipitation along the investigated Tigris stretch only contributes to 
less than 10% (equivalent only 107 m3/sec flow) to the total discharge over the 
studied period, which is about 1440 m3/sec across the river basin. 
 The amount of precipitation received during the period of study was not enough to 
represent flow in future predictions processes.  
 Chapter Eight: Conclusions, Limitations and Recommendations for Further Study 
183 
The analysis of the precipitation carried out in this study identified a reduction in the 
rainfall rate by 1.73% over the time of study. The Evapo[transpi]ration which forms more 
than 29% (equivalent only 470 m3/sec flow) of the water flowing within the Tigris reach 
was found to be increasing by 1.2%. Further, an increase in water demand equivalent to 
the population growth rate of 2.28% is also predicted with the population being the 
biggest water consumer already, which in turns; put an additional pressure by increasing 
the irrigation demand consequently. 
 
According to the Iraqi water resources ministry, Tigris basin needs about 52 billion m3 a 
year to fulfil the water demands including agriculture, marshland maintenance, civil use, 
industry and power generation. However, the water balance conducted in this study 
shows that the Tigris received only about 44.8 billion m3 a year on average during the 
examined period as releases from the upstream countries. A simple prediction based on 
water availability carried out in this study shows that the water flows in Tigris could be 
completely dried out by 2060, taking in the account the water releases history, 
Evapo[transpi]ration losses and population growth rates. 
 
Concluding it can be said; this research project has demonstrated the importance 
of Evapo[transpi]ration on the water balance of the Tigris in Iraq and how climate change 
predictions will make this an even more important factor which needs to be considered 
in catchment management. Also, a novel usage of Google Earth and 3DRoutBuilder is 
presented to generate river profiles which can provide aid for studies of ungauged 
catchments in developing countries or where no data exists. This is particularly relevant, 
owing to recent developments in remote sensing technologies and the increasing 
availability of datasets from data providers and the global scientific community at little or 
no cost. 
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Finally, the need for high quality data measurement and analysis becomes more vital 
during times such as these with rapid changes to socio-economic activity, population, 
and the global climate system. 
8.2 Research Limitations 
The main challenge encountered in this research study was the lack of data (e.g. 
field data, historic hydro-meteorological series and their corresponding discharge) 
required for the modelling process. Despite the few gauging stations that exist along the 
Tigris, still a wide area of its catchment is characterised by ungauged stream flow and 
lack of other prerequisite information. 
 
The use of only two emissions scenarios represents another limitation to the project. The 
use of medium high (A2) and medium-low (B2) emissions scenarios omits two other 
families of emissions scenarios (A1 and B1) considering the time of the research. The 
A1 family represents more “extreme” emissions. However, the A2 and B2 scenarios are 
the ones recommended for use by the IPCC and cover 90% of the total emission scenario 
range (Nakicenovic et al., 2000). 
 
Another issue to be considered is the DEM resolution used to develop the river cross 
sections. Although it was found to be adequate for the hydrologic model at the catchment 
scale, the ISIS-1D hydrodynamic model ideally requires better resolution terrain data and 
bathymetric data of the river. Finer resolution data are required to produce cross-sections 
that are more accurate and produce more accurate surface water elevations especially 
for deeper middle region of the Tigris. 
 
Multitude of models, processes and steps undertaken in this thesis helped to rise 
uncertainty in the resulting information. Reducing uncertainties in the construction of the 
models used and enhancing their performance would help build a more reliable river 
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losses assessment system. However, the scope of this topic is huge and could not be 
fully addressed by a single PhD study, and in reality, this PhD work contains many 
limitations. Nevertheless, this research has produced some interesting findings from 
which several directions for future work are proposed below.  
 
8.3 Recommendations for Further Research 
Addressing the research questions has resulted in some worthwhile insights and 
additional challenges remain. Some of these are described as follows: 
 Only one type of downscaling was used in the project. Future climate impact 
assessments should include both statistically downscaled data and dynamically 
downscaled data in order to take into account uncertainty due to the downscaling 
methodology. 
 The modelling on the Tigris in Iraq illustrated the importance of 
Evapo[transpi]ration in influencing future catchment water balances and water 
losses assessment. Rainfall-runoff modelling considering no boundaries between 
the riparian countries and covering all the Tigris River Basin will be interesting to 
evaluate how the river flow will be influenced by the changes of predicted 
rainfall/snowfall in the future resulting from different climate change scenarios. 
 The ISIS -1D hydraulic model can be a valuable tool in simulating a large number 
of scenarios in the catchment, typically implementing structures, levees, ponds, 
reservoirs, changing river bed material and any other required scenario for 
investigating resulting surface water elevations and discharge. In order to do so, 
additional field survey data are required for the area of interest. 
 The accuracy of the model inputs, derived from terrain models, can be improved 
with the use of additional, more recent data sources producing higher resolution 
DEMs. Additional advances in remote sensing technology with more 
data/information like GloVis, LIDAR images, BRDF’s, Hyperion images from EO-
 Chapter Eight: Conclusions, Limitations and Recommendations for Further Study 
186 
1 satellite as well as field measurements using instruments such as GPS for more 
accurate supervised classification outputs will provide a great aid in river profile 
representation whenever they will be available for Tigris. 
 The role of the groundwater on the discharge of the Tigris needs to be further 
investigated and explored to enable a more holistic investigation into the analysis 
of water management in this basin. Water losses to the groundwater and water 
recharge from the groundwater need to be quantified. 
 It is also clear that the selected catchment is very vulnerable to drought situations. 
Therefore, there is an urgent need to investigate how to increase the 
collaboration between the riparian countries to establish bigger storage projects 
in the upstream regions that will be necessary to guarantee water releases into 
the future and which will provide sufficient water for all (e.g. are more dams and 
weirs required to be constructed along the Tigris to improve water availability in 
the lower catchment zones). 
 The problems associated with climate change may even be exacerbated by other 
anthropogenic impacts on the environment such as land use change. Provision 
of a better understanding of local feedback mechanisms resulting from land use 
changes of the Tigris River Basin is also required. 
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Articles: 
  (Helu A. 2013) Evapotranspiration Modelling of Tigris River 
– Iraq. CH2MHILL - Cardiff University collaboration 
Newsletter, Volume 5, Issue 3, July 2013 
Presentations and Posters: 
  Poster: Zero Cost River Profile Data Generating Tool. 
Climate Change Consortium of Wales (C3W) Workshop held 
in Cardiff University December 2011. Best Poster Award 
 Poster: Comparison of Six Evapotranspiration Models’ 
Simulations over Arid/Semi-Arid Regains. British 
Hydrological Society, Imperial College London Annual 
Meeting, October – 2012. 
 Presentation: Tigris River Losses Assessment. British 
Hydrological Society Annual Meeting, Imperial College 
London, October – 2013. 
 Presentation: Evapo[transpi]ration Impacts on Tigris River. 
The Iraqi Day, Cardiff University, August – 2014. Best 
Presentation Award 
 Presentation: River Losses: Climate Change and Population 
Increase Impacts in Arid Catchments. The Chartered 
Institution of Water and Environmental Management 
(CIWEM) Meeting, September – 2014. Best micro 
Presentation Award 
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Appendixes 
Appendix 1:  
 
Figure 0-1: shows elevation measured cross section (Obs.) compered against one generated using SRTM 
GL3 raster (SGL3Danalyst); one generated using Synthetic technique (Interpolated S) and another one 
generated using Google Earth DEM (GE3DRB). Its location is identified in Table 6.2. 
 
Figure 0-2: shows elevation measured cross section (Obs.) compered against one generated using SRTM 
GL3 raster (SGL3Danalyst); one generated using Synthetic technique (Interpolated S) and another one 
generated using Google Earth DEM (GE3DRB). Its location is identified in Table 6.2. 
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Figure 0-3: shows elevation measured cross section (Obs.) compered against one generated using SRTM 
GL3 raster (SGL3Danalyst); one generated using Synthetic technique (Interpolated S) and another one 
generated using Google Earth DEM (GE3DRB). Its location is identified in Table 6.2. 
 
Figure 0-4: shows elevation measured cross section (Obs.) compered against one generated using SRTM 
GL3 raster (SGL3Danalyst); one generated using Synthetic technique (Interpolated S) and another one 
generated using Google Earth DEM (GE3DRB). Its location is identified in Table 6.2. 
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Figure 0-5: shows elevations of measured cross section (Obs.) at location – number 2 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
 
Figure 0-6: shows elevations of measured cross section (Obs.) at location – number 3 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
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Figure 0-7: shows elevations of measured cross section (Obs.) at location – number 4 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
 
Figure 0-8: shows elevations of measured cross section (Obs.) at location – number 5 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
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Figure 0-9: shows elevations of measured cross section (Obs.) at location – number 6 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
 
Figure 0-10: shows elevations of measured cross section (Obs.) at location – number 7 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
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Figure 0-11: shows elevations of measured cross section (Obs.) at location – number 8 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
 
Figure 0-12: shows elevations of measured cross section (Obs.) at location – number 9 as identified in 
Table 6.2. This cross section is compered against one generated using SRTM GL3 raster (SGL3Danalyst) 
and another one generated using Google Earth DEM (GE3DRB). 
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